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VENUS: A Two-dimensional Coupled 
Neutronics-Hydrodynamics Computer P rogram for 

Fas t - reac to r Power Excursions 

by 

W. T. Sha and T. H. Hughes 

ABSTRACT 

A new computational model for fast-reactor d i sas ­
sembly analyses is presented. The model utilizes the space-
independent neutronics, two-dimensional (RZ) Lagrangian 
hydrodynamics, and an energy-density-dependent equation 
of state. The reactivity feedbacks due to Doppler broaden­
ing and material motion are explicitly taken into account. 
This model can analyze both high- and low-density systems 
in contrast with the modified Bethe-Tait methods, which are 
valid only for the low-density systems. A unique feature of 
this nnodel is its pointwise description of core nnaterial con­
tents so that an appropriate equation of state corresponding 
to sodium-in and sodium-out conditions can be assigned. 
Another is its rigorous treatnnent of implosion effects at any 
arb i t ra ry boundary surface, such as a void region surrounded 
by a nonvoid region or at the interface of two regions of a 
zoned core. The total energy release during a nuclear ex­
cursion calculated from this model is much lower (except for 
a completely voided core) than the values obtained from the 
modified Bethe-Tait methods. 

I. INTRODUCTION 

Evaluation of the safety of large fast breeder reactors has been the 
prinnary nnotivation for extensive theoretical investigation of power excur­
sions. Although it is a major concern of the fast-reactor designer to prevent 
such an excursion under any adverse circumstance, it is nevertheless de­
sirable to know the consequences of a power excursion. This report presents 
a method for estinnating the nnagnitude of the energy released by a reactor 
undergoing a power excursion. 

In general, there are three approaches to the analysis of reactor 
power excursions. The first uses space-independent reactor kinetics with 
a preassigned feedback reactivity to estinnate the energy re lease . The 
second technique, known as Bethe-Tait analysis, is analytical in nature , 



and has been used to derive scaling laws and check numerical procedures . 
The following three nnajor assumptions a re made in Bethe-Tait analyses: 
(1) reactivity changes can be calculated by f i r s t -order perturbation theory; 
(2) the duration of the excursion is so short that expansion is negligible, 
thus permitt ing the time behavior of the p r e s su re to be calculated by ignoring 
any change in the density; (3) the effects of wave propagation can be neglected. 
The third approach is to solve the systenn of governing t ime-space-dependent 
part ial differential equations nunnerically by using a high-speed connputer.^ 

The first method is the simplest. However, the feedback reactivity 
is not an "a p r io r i " known function; therefore, the validity of this approach 
is very nnuch in doubt. As for the second technique, a number of significant 
modifications " have been made since Bethe and Tait 's original paper 
appeared. The modified Bethe-Tait analysis is to date the nnost widely used 
method for reac tor -d isassembly study. However, the validity of this method 
is subject to the assumptions listed above. The third approach provides a 
much more accurate and complete model. However, obtaining a solution of 
the complete tinne-space-dependent coupled neutronic-hydrodynannic equa­
tions is no easy task. Experience with multigroup, t ime-space-dependent, 
two dinnensional neutron-diffusion-theory calculations indicate that the 
direct nunnerical approach is very expensive and perhaps, at present , im­
practical for the "production-line" type of calculation. Recently, very active 
research has been launched to develop approximations'" '^ to the exact t ime-
space neutronic solution with much less computational effort. It is believed 
that until a very general and efficient approximating method is found, the 
third approach will not be extensively used in the analyses of severe power 
excursions. 

The connputational method presented in this report and used in the 
VENUS computer progrann is a compromise between the second and third 
approaches. It consists of space-independent neutronics and t ime-space-
dependent Lagrangian hydrodynannics (RZ cylindrical geometry). The feed­
back due to Doppler broadening and reactor mater ia l motion (or disassennbly) 
are explicitly taken into account. Thus, the connputer time required for a 
typical power-excursion analysis is kept within a practical range (of the 
order of 10 min with an IBM-360 Model 75) and the reactivity-feedback 
mechanisnns are treated with reasonable accuracy during the excursion. 
In short, it retains simplicity and yet provides essential information with 
reasonable accuracy. 

n . MATHEMATICAL MODEL 

A. Basic Assunnptions • 

1. The power associated with each Lagrangian cell is assumed to be 
given by its original location in the mesh, a tinne-independent power distr ibu­
tion, and a space-independent time function calculated fronn the point-kinetics 
equations. 
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2. The nnaterial-reactivity worth of the Lagrangian cell is assumed 
to be given by its instantaneous location with respect to a time-independent 
distribution of reactivity worth. The reactivity changes are calculated fronn 
f i rs t -order perturbation theory based on the original configuration. 

3. The adiabatic approxinnation is employed, i.e., no heat t ransfer 
is allowed between the fuel and nonfuel mater ia ls during the power excursion. 

4. The finite-difference representation of the Lagrangian hydro-
dynamic equations, i.e., conservation of mass and momentunn, will introduce 
a truncation e r ro r . As the Lagrangian mesh becomes severely distorted, 
this truncation e r ro r is greatly annplified. Thus, in order for the finite-
difference representation to be valid, the extent of the nnesh distortion must 
not be excessively large. 

It is to be noted that assumptions 1, 2, and 3 are also employed in 
the modified Bethe-Tait calculations.^ The imposition of the assunnp­
tions 1 and 2 is mainly due to mathematical simplification and computational 
expedience, and they are justified by the argunnent that the gross movement 
of the core material is small . Assumption 3 is based upon the short dura­
tion of the disassembly power excursion. The last assumption is an inherent 
difficulty of the finite-difference formulation. 

B. Neutronics 

A one-energy-group, space-independent nnodel is used to describe 
the neutron kinetics of the reactor . It is assumed that the reactor power 
distribution Q(r,z, t) can be expressed as 

Q(r(t),z(t),t) = n(t)^(r(0),z(0)), 

where the power density V(i'.z) assigned to the Lagrangian mesh is a s ­
sumed independent of time and is normalized initially such that 

/v •>li(r(0),z{0]) dV = 1. The total power n(t) is the solution of the Volume î ' > ' " 

following equations: 

dn _ p* dt i 

I 
n + X ^Cj; ^ (1) 

1=1 

where 

dC. jS n̂ 

p* is the reactivity, 

n is the neutron level which is proportional to the reactor power, 



and 

I is the prompt-neutron generation t ime, 

/3j is the delayed-neutron fraction of group i, 

Cj is the concentration of delayed-neutron p recursor group i, 

X- is the decay time constant of the delayed-neutron p recursor 
group i, 

I is the total number of delayed-neutron groups. 

In nnost s tep-by-step integration methods for solving Eqs. 1 and 2 
the previously calculated values of n are used to obtain the next value. 
Thus, to connpute n"̂ "*"', knowledge of n , n*^"', and n'̂ "2 is required, where 
superscr ipts k and k+i denote the t ime-s tep sequence. These nnethods 
have the disadvantage that several initial values of n are needed in order 
to start the calculation. These initial values must be obtained by an aux­
il iary calculation. This disadvantage can be bypassed by using one of the 
Runge-Kutta procedures . However, the time step required by this method 
to yield accurate solutions is often found very res t r ic t ive . 

The method used here for the solution of Eqs. 1 and 2 was fornnulated 
by Kaganove. It has the advantage of being self-starting and is numerically 
stable for relatively large tinne intervals. Kaganove's nnethod is briefly 
described below. 

Connbining Eqs. 1 and 2 gives 

I 
dn p* V- dCi 

i=i 

Integrating Eq. 3 over the time interval T yields 

n(T) - nk = 1 ^ ^ £ ^ dt - X [Ci(T) - cH], (4) 

where n''- and Cj are n(t ) and Cj(t''-), respectively. Upon making the linear 
transformation t' = t - t^, Eq. 4 becomes 

n ( r ) - n K = r ^ - ? d t . - X [ c , ( . ) - C r ] , 
•'o i=i 

(5) 

where n(0) = n^ and Cj(0) = C^. 
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The solution of Eq. 2 is 

C.(r) - c r = -Cl^(l - e-"i") + ^ r e - ^ ( " - ' ' ) n df . (6) 

Substituting Eq. 6 into Eq. 5 yields 

n ( T ) - n k = r P ! i l d t . - X f r e - ^ i ( - ' ' ) n d t . + X C K ^ - ^ ' ' ^ - (^) 
•'o i=l Jo i = I ' 

During the time interval under consideration, let n be represented 
by a second-order polynonnial: 

n = n*̂  + nit' + n2(t')^. (8) 

Substituting Eq. 8 into 7, with the condition that Eq. 7 be satisfied both 
at T = At and at T = At / 2 , yields two linear equations with two un­
knowns ni and nz. Substituting values of nj and nz into Eq. 8 gives n(t) 
for this time interval. 

The reactivity p* is the sum of the progrannnned reactivity and the 
reactivity feedbacks due to the Doppler broadening and the motion of the 
reactor mater ia l . A detailed discussion of reactivity will be presented in 
Sect. II.E. 

C. Hydrodynannics 

1. Governing Equations 

The motion of the reactor mater ia ls is assunned to satisfy the 
equations of motion of a compressible, nonviscous fluid. In this report we 
consider the case of a cylindrical reactor with axial symmetry, that i s , we 
assume that there is no nnotion in the azimuthal direction 0 and that none 
of the proper t ies of the systenn depend upon (j). Let the distance along the 
axis of symmetry from some fixed point be denoted by z, and let r denote 
the radial distance from the axis. Denote the Lagrangian coordinates by 
R and Z, and define the Lagrangian coordinates to be the position of the 
mater ia l at t = 0. The actual position of the mater ia ls at a later time a re 
two of the dependent variables for which we must solve. The proper t ies of 
the reactor motion are characterized by the density p(R,Z,t), the p r e s s u r e 
P(R,Z, t ) , the temperature T(R,Z,t), and the nnaterial velocities in radial , 
u(R,Z,t), and axial direction, v(R,Z,t). 

If AV denotes the volume of a fixed mass of mater ia l (small 
enough that it can be reasonably assunned to have uniform density), then 
conservation of mass states that 
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p = p„ AVO/AV, (9) 

where p^ and AVQ are the values of p and AV at time t = 0. Thus, given 
a method of connputing the volume of a Lagrangian mass from the displace-
nnents of its boundary, we can use the equation above to connpute the 
density p. If {•) denotes part ial differentiation with respect to t with R and 
Z fixed, then the two equations of conservation of momentunn are 

u . r = - i | ? ; (10) 
p or 

v . z = - i | ^ , (U) 
p dz 

where P = p + q, with p and q the p ressu re calculated from the equation 
of state and the pseudoviscosity p res su re , respectively. The pseudoviscosity 
p r e s s u r e will be discussed in Sect. II.C.3. 

The boundary conditions used in the VENUS program are: 

a. Material on the axis of cylindrical synnmetry is constrained 
to move only along the axis, but not away from the axis; 

b. The p re s su re at all the external reactor surfaces is a s ­
sunned to be zero throughout the excursion (free surface boundary conditions). 

2. Derivation of Finite-difference Equations 

One of the principle difficulties in hydrodynannic calculations is 
the selection of a finite-difference representation of the spatial derivatives 
in the momentum equation. A number ^' " of different expressions have 
appeared in the l i tera ture , each claiming certain advantages over the others. 
Herrnnann evaluated the relative mer i t s of many of the finite-difference 
representat ions and concluded that no one finite-difference method is clearly 
superior to the other. Accordingly, the selection of the finite-difference 
representation for this study was based upon minimizing the amount of 
computation. 

Quantities a re considered only at a finite number of locations 
in space, initially at distances AR and AZ apart. The initial R coordinate 
after the Ith incrennent AR is denoted as Rj, and the initial Z coordinate 
after the Jth increment AZ is denoted as Z j . In effect, the material is 
covered by a finite coordinate grid which defornns with the mater ia l (see 
Fig. 1). Coordinates r and z at time t for the point Rj, Z j are denoted 

•"1,1 ^"'^ ^I,J-
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Fig. 1 

Setup for Finite-difference Mesh 

RADIAL DISTANCE ( r ) 

Although positions, velocities, and accelerations a re considered 
only at the vert ices of the finite-difference grid, densities and p re s su res 
are considered as an average over the cell and denoted by p , i .. i, etc. 

1+I>J+1 
In developing the finite-difference equations it is considerably 

more convenient to use the notation shown in Fig. 1. The equations can 
later be translated into indicial notation. 

The finite-difference representation of conservation of mass 
will be derived for the cell AHDO shown in Fig. 1. The current area of 
AHDO may be approximated by 

i{(zH- .K'-r , ) + ( r H ' roK^ D )}. 
(12) 

and the original area AQ at tinne t = 0 is obtained from the same equation 
by replacing r and z by R and Z, respectively. For nnoderate distortions 
the radius of the centroid of cell AHDO can be approximated by 

i ( r f ^ + r j 3 + r Q + r ^ ) , (13) 

and the initial centroid TQ can be found sinnilarly. Thus the equation for 
conservation of mass can be written 

^I+i.J+i 

'^o,l+i,J+i o,I+i,J+i'^o,I+i,J+^ 

^l+i,J+l ' ' l+iJ+i 
(14) 

As was pointed out before, the finite-difference representation 
of the pressure-gradient te rms in the momentum equations is the most 
difficult part of the numerical calculations in the hydrodynannics. The 
p r e s su re s are known at discrete points 1,2, 3, and 4 surrounding point O 
(see Fig. 1). The p re s su re gradients at point O are to be evaluated. 
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P o i n t s 5 , 6 , 7 , and 8 a r e the m i d p o i n t s of OA, OB, OC and OD, r e s p e c t i v e l y ; 
the c o r r e s p o n d i n g p r e s s u r e s a r e a s s u m e d to be 

Ps = i ( P i + P2); 

P6 = i l P z + Ps) ; 

P7 = i ( P 3 + P4); 

Pe = i ( P 4 + P i ) . (15) 

The c o o r d i n a t e s of po in t s 5, 6, 7, and 8 a r e 

rs = i ( r A + i"o); 

r6 = i ( r B + r o ) ; 

r? = i ( r c + r o ) ; 

I's = i ( r D + I 'o); 

Z5 = 2 ( Z A + ^ O ) ' 

Z6 = 2 ( 2 3 " " "^o ) ' 

Z7 = 2(Z( - . + Z Q ) ; 

zs = I(^D+ZQ). (16) 

A T a y l o r ' s expans ion be tween po in t s O and 5, O and 6, O and 7, and O and 8 
g ives the following e q u a t i o n s : 

Po + ('•s-'-o) a7 + (^5-^0) s T * •• 

Pe = Po + ('-6-^o) I T + ( ^ 6 - ^ 0 ) s f ^ •••• 

^ ^ / ^ S P / > ^P 
P, = Po + ('•T-'-O) s r + (^-^o) a7+ •••; 

Ps = Po + ( ' - 8 - ' - o ) | 7 ^ ^ - ^ o ) | 7 + - - (!') 

By n e g l e c t i n g the s e c o n d - and h i g h e r - o r d e r t innes in the above e q u a t i o n s , 
and m a k i n g a few a l g e b r a i c o p e r a t i o n s , the following a r e ob ta ined : 
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P 3 - P , = ( r 3 - r , ) | £ + ( z 5 - z , ) | f ; (18) 

bp ^ , , ap P, - Pg = ( re - ra ) — + (zfc-zs) — . (19) 

When these two equations are solved for S P / ^ r and d P / a z , and 
the approximate expressions for the coordinates of the points 5, 6, 7, and 8 
are used, we get 

bP _ (Pi - P3)(^A - ^C + ̂ B - ^ D ) - (P^ - PJi^A - ^C - ^B + ^ D ) 
Sr " ( z g - Zj3)(r^- r e ) - (z_^-Zc)(rB- rj3) 

similarly, 

a p (Pl - PsKi-A - r e + i-B - r e ) - (P2 - P4)('-A " r e " ^ B + I 'D) 

dz (^A- zc)( '"B- ^ D ) - (^B- ^ D X ^ A - r c ) 
. (21) 

Correspondingly, the finite-difference approximation of the momentum 
equations a re 

(^)i.j = - { V ( P i 4 , j 4 + P:4 . j . i + Pi.i ,j . i + P , . | , j , | )} 

• { ( V ^ , J + i - ^ I - i , J - i ) ( V + i " " L J - 1 ^"l-i.J • "l+i,j) 

- (^i-i.J+i - ^ i 4 , j - i ) ( " i . j + i - "i,j-i - "i- . , j + ^ i + . . j ) } / 

{ (Vi . J - ^l+.,j) (^I,J+. - ""LJ- I ) - ("l,J+. - "l.J-i)('-I-i.J - "l+.,j)} ' 

(22) 

• { ( ^ i + i J + i " ^ i - i , J - i ) Vi.J+i" ' 'i.J-' "̂  ""i-i.J" ''i+i.j) 

" ( ^ i - i . j + i ' ^ i + i , j - i ) ( ' " i , j + i ' ' ' i . j - i " ' ' i - i . j ' ^ ' ' i + i , j ) ; / 

^I-i,J - ' ' l+i.j) ^ I . J+ i • " l , J - i ) - ('•l,J+i - - " L J - I ) h - i . J - ^I+i , j )} • 

(23) 



3. Viscous P r e s s u r e 

Although shocks may not occur during a weak excursion, they 
can occur in severe excursions in which there is a large and rapid p r e s su re 
buildup. A shock is a surface across which the p res su re , density, internal 
energy, and velocity are all discontinuous. 

In this study, shocks a re handled by an approximation technique 
developed by von Neunnann and Richtnnyer.^^ This technique, called "shock 
smearing," adds a dissipative te rm to the differential equations. The 
dissipative te rm may be regarded as representing viscosity. The "shock 
smearing" technique has only been proved physically valid when applied 
to problenns of one-dinnensional plane shock waves. Nevertheless, this 
technique has been employed successfully in two-dimensional hydrody­
namics . The p ressu re in the VENUS program is the sunn of the p re s su re 
calculated from the equation of state and the viscous p re s su re given by 

1.44Ap m^ ̂ ^ar<° 

Sv 

(24) 

at 

where 

A is the area of the cell; 

V is the specific volume. 

4. Numerical Stability 

Because of the nonlinearity of the governing equations, a rigorous 
discussion of stability of the finite-difference equations cannot be car r ied 
out. The concept of space-dependent t ime-step selection, similar to the 
HASTl program,^' has been adopted in this study. 

An extensively used stability index for equations of the type 
solved by VENUS has the form:^^ 

{Sf - ̂  m + 4 |pAV| , (25) 

where W is the "white" stability number, c is the velocity of sound, and 
AV is the change in the specific volume during the previous time step. 
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The time step size. At, is adjusted during the calculation so that the maxi­
mum value of (w/ l .2 ) calculated for all the mesh cells remains within 
preset l imits . The speed of sound is estimated for the equation of state 
being used at a given mesh position. The details of implementing this 
cr i ter ion are given in Ref. 24. 

No time step during the excursion is allowed to be larger than 
the maximunn and less than the minimum specified in the input. 

D. Energy Balance 

If AE(r,z,t) denotes the change in internal energy per unit volume of 
a fluid particle during the time interval At and Av(r,z,t) denotes its change 
in specific volunne (v = l /p) during At, the energy-balance equation is 

AE(r,z,t) = -P(r,z,t)p(r,z,t)Av(r,z,t) + AQ(r,z,t), (26) 

where AQ(r,z,t) is the nuclear energy gained during At. 

E. Reactivity Attributes 

Reactivity at any tinne is defined as follows: 

p*(t) = [6ki(t) + 6k2(t)+6k3(t)l/[l + 6k,(t) + 6k2(t) + a>k3(t)], (27) 

where 6ki is the programmed neutron-multiplication-factor change, dk^ is 
the neutron-multiplication-factor change due to Doppler broadening, and 
6k3 is the neutron-multiplication-factor cliange due to nnotion of reactor 
mater ia l s . 

1. Progrannmed Neutron-nnultiplication-factor Change 

The progrannmed nnultiplication-factor change is assumed to 
obey the following function of time: 

6k,(t) = 6ko + At + Bt̂  (0 £ t s tstop); 

6ki(t) - 6k„ + Atstop + Btstop = constant (t > tstop). 

where 

6ko is the initial change in neutron-multiplication factor; 

A and B are coefficients of programmed multiplication-factor change; 
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and 

tstop designates the tinne when the neutron-multiplication-factor 
change stops. 

The t e rm proportional to t and tstop '^^^ ^^ used to account for 
the gravity collapse. 

2. Doppler Broadening Feedback 

The neutron-multiplication-factor change with respect to change 
of fuel tennperature is given by 

^ = aT-V^(t) + b T - ' ( t ) + ^ ^ ^ , (28) 

where 

a, b, and c are paramete rs known from experiments or other reactor 
calculations; 

T is the core-averaged fuel temperature in °K; 

m is an integer. 

In integrated form the above equation is 

k2(t) = -2aT"'^^(t) + b In T(t) + (c/m)T'^(t) + constant. (29) 

In order to simplify the calculation, the fuel tennperature is 
averaged regionwise, and 6k2(t) becomes 

6k2(t) = Y (kz , i ( t ) -k2(a t t=o) , i )wt . (30) 

region i 

where 

i designates the region; 

Wj' is the regional weighting factor for the Doppler effect. It a c ­
counts for the relative volume, and real and adjoint flux levels of the region. 

3. Neutron-multiplication-factor Change due to Motion of 
Reactor Material 

According to assumptions A and B in Sect. II. 1, the nnaterial-
reactivity-worth distribution (W) is independent of time, and the reactivity 
change due to motion of reactor nnaterial can be calculated by f i r s t -order 
perturbation theory. Therefore, upon making a Taylor 's expansion, the 
worth of mater ia l after displacement Ar and Az fronn its initial position 
can be written as 
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W(r.z) = Wo(r,z)+ ^ ^ ! ^ ^ Ar + ^ ^ ! ^ A z + . . . , (31) 
ar oz 

where W(|(r,z) is the initial nnaterial-reactivity-worth distribution. 

If we can neglect the high-order te rms in Eq. 31, the local 
change of reactivity per unit density is 

W(r,z) - W(,(r,z) = ^ Ar + ^ Az = VWo ' AX. (32) 
or dz 

The total change of neutron-multiplication-factor due to the 
nnaterial nnotion over the reactor volunne is 

(5k ;(t) = J^ p(r,z,t)VWo(r,z) • AX(r,z,t) dV, (33) 

where 

and 

W(r,z) is the nnaterial reactivity worth per unit density, 

p(r,z,t) is the material density, 

AX is the material displacement vector at point r and z cal­
culated by hydrodynamics, and its components are Ar and Az, 

V designates reactor volume. 
% 

F . Equation of State 

There is currently a great lack of quantitative knowledge about the 
equations of state of reactor mater ia ls and a wide diversity of opinion about 
the best way to approxinnate this information. As a result, it is not possible 
to provide in VENUS a single equation of state (or even a single general fornn 
for the equation of state with input parameters ) that would be useful and 
acceptable to all u se r s . As different applications of the code have arisen, 
equations of state suitable to those applications have been added and r e ­
tained in the code. This is relatively easy to do, and it is anticipated that 
in many cases the user will delete the existing ones to make room for ones 
of his own choice. The following gives the general description of the equa­
tions of state in the code at present and some brief background on their 
origin. 

The equation of state plays an important role in estimating the energy 
release of a fast reactor power excursion. It serves as a bridge between the 
neutronics and the hydrodynamics. Up to now, very little experimental data 
on reactor fuel mater ia ls are available to aid in establishing the functional 
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dependence of p r e s su re , energy (or temperature) , and mater ia l density in 
the range of interest encountered in reac tor -d isassembly analyses. It has 
been common pract ice to estimate the physical proper t ies of the fuel by 
extrapolating from experimental data available either at very low or very 
high t empera tu res . 

The principle of corresponding states ^ is the most widely used 
method to estimate functional dependence of p res su re , energy (or tempera­
ture), and density. This principle states that substances are characterized 
by their thermodynamic crit ical proper t ies : cri t ical p r e s su re (p_), cri t ical 
tennperature (T^.), and critical volume (V^), and that mater ia ls at the same 
reduced p res su re , tempera ture , and volume will have similar behavior. 
The reduced p re s su re , temperature., and volume are defined as the ratio of 
the actual p res su re , temperature , and volume to the critical p res su re , 
temperature , and volume, respectively. It has been shown that several 
substances deviate significantly from this principle. However, in view of 
the lack of any better method, the procedure will provide at least an estimate 
of the quantities desired. 

The choice of crit ical constants can appreciably alter the equation of 
state derived from the corresponding-states principle. Both Miller ' and 
Robbins^' have investigated the possible ranges of constants and obtained 
quite large linnits of their values. Values of crit ical constants for UO2 as 
suggested by different investigators are listed in Table I. 

TABLE I. Critical Constants of UO2 

Menzies ' Miller Meyer " 

Critical p ressure , atm 
Critical tennperature, °K 
Critical volume, c m / m o l 

In this report the only fuel material considered is UO2 or a mixture 
with PUO2. Since a relatively small amount of PUO2 will be present in the 
mixed-oxide fuel and no experimental data are available, the physical 
proper t ies of PUO2 are assumed to be the same as UO2. 

If sodium and other nonfuel constituents are considered as inert 
nnaterials, their presence and absence are assumed to influence the p ressu re 
only because they occupy space that is thereby unavailable for fuel expan­
sion. These nonfuel mater ia ls can be treated as either compressible or 
noncompressible. In general, the equation of state of core mater ia ls may 
be written in the following three coupled equations: 

p(t) = f,(E(t), Pf(t)) = f2(T(t), Pjf(t)); (34) 

2000 
8000 

90 

1230 
9115 
170 

1915 
7300 
85 
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P;(t) = P, 

Pf(t) = 

p ( t )B ' 
Bo 

Mf 

+ 1 - ~- 0 . ^ ^ e x p [ a . ( p ( t ) - p ^ ) ] ; 

V- Mi 

(35) 

(36) 

w h e r e 

p and T a r e the p r e s s u r e and t e m p e r a t u r e ; 

p . , M j , and a^ a r e the d e n s i t i e s , m a s s e s , and c o n n p r e s s i b i l i t i e s of the 
nonfuel m a t e r i a l s , 

P£ and Mj a r e the d e n s i t y and m a s s of the fuel; 

Pjj and p j o a r e the in i t ia l p r e s s u r e and in i t ia l d e n s i t y of the nonfuel 
m a t e r i a l s , r e s p e c t i v e l y , 

BQ is the bulk modu lus at z e r o p r e s s u r e ; 

B' is bs/bp. 

V'j- i s the to ta l m e s h v o l u m e enc los ing c o n s t a n t s U- and Mj in the 
L a g r a n g i a n c o o r d i n a t e s 

The spa t i a l v a r i a b l e s have been s u p p r e s s e d in E q s , 3 4 - 3 6 . 

F o r b r e v i t y , the equa t ions of s t a t e employed in the r e a c t o r -
d i s a s s e m b l y a n a l y s i s m a y be c l a s s i f i ed intfc two c a t e g o r i e s , one is tha t for 
the nnedium with hea t s o u r c e , and the o the r i s for the m e d i u m without h e a t 
s o u r c e . The f o r m e r r e f e r s to c o r e r e g i o n s and the l a t t e r to b l a n k e t s * o r 
r e f l e c t o r s . All the equa t ions of s t a t e can be d e s c r i b e d in t e rnns of 
E q s . 3 4 - 3 6 . 

1. E q u a t i o n s of Sta te for a M e d i u m with Heat S o u r c e 

E q u a t i o n s of s t a t e for the m e d i u m with hea t s o u r c e m a y f u r t h e r 
be g e n e r a l i z e d into two b r o a d c l a s s e s , e n e r g y - d e p e n d e n t and e n e r g y -
d e n s i t y - d e p e n d e n t , A n u m b e r of equa t ions of s t a t e have been i n c o r p o r a t e d 
into the VENUS c o m p u t e r p r o g r a m , and each i s d e s c r i b e d be low. 

a. E n e r g y - d e p e n d e n t Equa t ion of S ta te . The e n e r g y - d e p e n d e n t 
equa t ion of s t a t e g ives an (equil ibrium vapor p r e s s u r e as a function of t e m ­
p e r a t u r e a t c o n s t a n t v o l u m e . In g e n e r a l such an equat ion is of the f o r m 

p ( r , z , t ) - A exp B + 
T ( r , z . t ) 

+ D In T ( r , z , t ) (37) 

Heat generation per unit volume in the reactor blanker is much smaller than in the core. 
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w h e r e A, B, C, and D a r e f i t t ing p a r a m e t e r s . A c k e r n n a n n ' s " and O h s e ' s ' ^ 
v a p o r - p r e s s u r e m e a s u r e m e n t s a r e wide ly u s e d in eva lua t ing t h e s e 
p a r a m e t e r s . 

V a p o r - p r e s s u r e c u r v e s , u s ing the r e d u c e d v a p o r - p r e s s u r e 
equa t ion of R i e d e l , ^ ' a r e p r e s e n t e d in F i g . 2, for the M e n z i e s ^ ' and M i l l e r ' 
c r i t i c a l c o n s t a n t s (the M e y e r ' " c o n s t a n t s y ie lded va l u e s a p p r o x i m a t e l y the 
s a m e to t h o s e of M e n z i e s ) and a l so the ana ly t i c fit to the da t a of A c k e r m a n n ' 
and O h s e . As can be seen f rom F i g . 2, the vapo r p r e s s u r e wi th M e n z i e s ' 
c o n s t a n t s a g r e e s r e a s o n a b l y wel l with the e x p e r i m e n t w h e r e a s M i l l e r ' s 
c o n s t a n t s y ie ld l o w e r v a l u e s . 

Fig. 2. Calculated and Measured Vapor-pressure Curves 

All e n e r g y - d e p e n d e n t equa t ions of s t a t e a s s u m e that the 
fuel d e n s i t y r e m a i n s cons t an t t h roughou t an e x c u r s i o n , i . e . , P£(r ,z , t ) = 
P f ( r , z , 0 ) , and only Eq. 34 is u sed . It is to be noted that Eq . 37 is a s p e c i a l 
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c a s e of Eq . 34. The following five e n e r g y - d e p e n d e n t equa t ions have been 
p r o g r a m m e d into VENUS; they a r e d e s i g n a t e d in th i s r e p o r t by EOSN, 
w h e r e N = 1 , 2 , . . . : 

E O S l ^ ' p = e x p [ 6 9 . 9 7 9 - ( 7 6 8 0 0 / T ) - 4 . 3 4 In T] 

E O S 2 " ' " p = lO' exp[55.455 - ( 7 8 8 4 / T ) - 4 . 2 8 0 8 In T ] 

E O S 3 " p = 4.398 x lO'* e x p ( - 7 1 1 8 / T ) 

E O S 4 " p = 2.1925 X l O " e x p ( - 4 3 9 5 7 / T ) 

EOSS^' p , = lO ' exp[2.1 + 1.054p2/3. (5 3 x l o y u ) ] 

p^ = 2.7 x l O " e x p ( - 7 . 7 x l O ' / u ) 

P3 = 5.7 X 10' exp{-[8.12 + 2 . 5 6 ( p £ - 2 . 5 ) - 0 . 1 1 { P f - 2 . 5 ) ^ J 

[ { 1 0 y u ) - 0 . 8 ] } 

a. If Pj < 2.5 and p, < p^: p = p^ 

b. If Pf < 2.5 and p^ a p^; p = p^ 

c. If Pf a 2.5 and U < 1 .25 x 10^ p = Pj 

d. If Pi > 2.5 and 1.25 x 10* £ U < 1.667 x 10^ p = Min(p , ,p3) 

e. If Pj- a 2.5 and U 2 1 667 x 10*: p = p , 

If T < T m e l t : T = T„ + ( u / 2 6 ) 

If T a T m e l t and U £ 1.43 x 10*: T = M a x ( T m e l t . T,) 

If T > T m e l t and U > 1.43 x 10?; T = ( U / l 4 ) - 5290, 

w h e r e 

T, = 455 + (U/32) , U„ = 27T(, - Hf^^^, 

T m e l t ~ F u e l - m e l t i n g t e m p e r a t u r e , 

Pf = ' ' f .o ' 

All p r e s s u r e s and t e m p e r a t u r e s a r e in d y n e s / c n n and °K, r e s p e c t i v e l y , and 
U is the i n t e r n a l e n e r g y in c a l / g - m o l . 

EOSl was deve loped by United Kingdom A t o m i c E n e r g y 
A u t h o r i t y (UKAEA), u s ing the M e n z i e s c r i t i c a l c o n s t a n t s . EOS2 o r i g i n a t e d 
at B a t t e l l e N o r t h w e s t L a b o r a t o r y and u t i l i z e s C h r i s t e n s e n ' s ' t e m p e r a t u r e -
d e n s i t y r e l a t i o n s h i p . The de ta i l ed d e s c r i p t i o n of th i s equa t ion of s t a t e can 
be found in Appendix A. Both EOS3 and EOS4 w e r e s p e c i f i c a l l y d e s i g n e d for 
the F F T F d i s a s s e m b l y a n a l y s i s by W e s t i n g h o u s e Advanced R e a c t o r D i v i s i o n 
(WARD), a c c o r d i n g l y , t h e i r app l i ca t ion is l i m i t e d to r e a c t o r s wi th c h a r a c ­
t e r i s t i c s s i m i l a r to t hose of the F F T F c o r e . EOS5 w a s o r i g i n a l l y deve loped 
by APDA. R e c e n t l y R. B . N icho l son and J . F . J a c k s o n have r e f i t t ed the d a t a 



u s e d in Ref. 36 so tha t the new fit wil l give a c c u r a t e r e s u l t s ove r the r a n g e 
of fuel d e n s i t i e s f r o m ~ 1.5 to 5 g / c c and e n e r g y up to about 7 x 10* c a l / g - m o l . 
The APDA d a t a w e r e c a l c u l a t e d f rom c o r r e s p o n d i n g s t a t e s u s i n g in i t i a l 
c o n s t a n t s es t inna ted fronn M i l l e r and A c k e r m a n n ' s h i g h - t e m p e r a t u r e 
m e a s u r e m e n t s . 

F i g u r e 3 p r e s e n t s t e m p e r a t u r e - v e r s u s - v a p o r - p r e s s u r e 
r e l a t i o n s h i p s for EOSl t h r o u g h EOS4. F o r a given t e m p e r a t u r e , EOSl y i e ld s 
h i g h e r p r e s s u r e than EOS2; in g e n e r a l , EOS3 and EOS4 give u p p e r and l o w e r 
bounds of p r e s s u r e a m o n g al l t h e s e equa t ions of s t a t e in the h i g h - t e m p e r a t u r e 
r a n g e . P l o t s of i n t e r n a l e n e r g y v e r s u s t e m p e r a t u r e a r e shown in F i g . 4 for 
E O S l , EOS2, and EOS5. The l a t t e r g ives a m u c h h ighe r t e m p e r a t u r e than 
the o t h e r s at high i n t e r n a l e n e r g i e s . F i g u r e 5 p r e s e n t s the funct ional d e ­
p e n d e n c e of p r e s s u r e , e n e r g y , and r e d u c e d vo lume for EOS5, which u s e s 
a c r i t i c a l d e n s i t y of 3.47 g / c c , w h e r e a s a va lue of 3.0 g / c c is u s e d in the 
o t h e r s . The c u r v e s wi th r e d u c e d spec i f ic v o l u m e s Vj. = 0.694 and 
Vr = 1.1567 in F i g . 5 c o r r e s p o n d to the s a m e fuel d e n s i t i e s as t h o s e wi th 
Vj. = 0.6 and Vj- = 1.0 in F i g s . 6 and 7 ( see below). 

The i n t e r n a l - e n e r g y s c a l e in F i g s . 4 and 5 is n o r m a l i z e d 
to U = 0 at 0°C. The hea t of fusion used for a l l the c a s e s w a s 0.28 k j / g . 

d i s a s s e 
b. E n e r g y - d e n s i t y - d e p e n d e n t Equa t ion of S ta t e . Mos t c o r e -

mb ly c a l c u l a t i o n s to da t e a s s u m e that the c o r e is c o m p l e t e l y voided 
of sod ium. The ju s t i f i c a t i on of th i s 
a s s u m p t i o n , of c o u r s e , i s to be con­
s e r v a t i v e ( i . e . , m o r e e n e r g y y ie ld ) . 
A m o r e a c c e p t a b l e a s s u m p t i o n i s tha t 
the c o r e i s p a r t i a l l y voided, at l e a s t , 
at the in i t ia t ion of a d i s a s s e m b l y 
acc iden t . The p r e s e n c e of s o d i u m 
coolant as wel l as s t r u c t u r a l s t ee l 
d u r i n g the d i s a s s e m b l y p h a s e can 
s ign i f ican t ly d e c r e a s e the volunne 
a v a i l a b l e to the fuel. T h u s , a s the 
e n e r g y (or t e m p e r a t u r e ) of the s y s t e m 
i n c r e a s e s , the l i q u i d - p h a s e fuel ex ­
pands to fill al l a v a i l a b l e v o l u m e . 
Any addi t iona l e n e r g y i n c r e a s e can 
r e s u l t in a v e r y high p r e s s u r e . T h e 
functional r e l a t i o n s h i p be tween the 
p r e s s u r e , e n e r g y , and r educed vo l ­
unne a s ca l cu l a t ed by M e n z i e s i s 
p r e s e n t e d in F i g s . 6 and 7, which a r e 
r e p r o d u c e d h e r e d i r e c t l y fronn Ref. 29 . 
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Fig. 3. Temperature vs Vapor Pressure 
for EOSl through EOS4 

All the e n e r g y - d e n s i t y -
dependen t equa t ions of s t a t e u s e 
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E q s . 3 4 - 3 6 . The ANL equat ion^ ' is s i m i l a r to t h o s e of B N W L . " The b a s i c 
d i f f e r e n c e s be tween t h e s e two a r e : 

1. The M e n z i e s ' funct ional dependence be tween the p r e s ­
s u r e , e n e r g y , and d e n s i t y , i . e . , Eq . 34, a s shown in F i g s . 6 and 7 is u s e d 
in A N L ' s equa t ion . A d i f fe ren t p r o c e d u r e i s u s e d by B N W L ' ^ ( see 
Append ix A). 

2. All nonfuel m a t e r i a l s a r e c o n s i d e r e d to be c o m p r e s s ­
ib le ; in B N W L ' S v e r s i o n only s o d i u m is c o n s i d e r e d c o m p r e s s i b l e . 

3. An i t e r a t i v e so lu t ion of E q s . 34-36 is ob ta ined in 
A N L ' s equa t ion . An approxinna te so lu t ion to avoid i t e r a t i o n is u s e d by 
BNWL (see Appendix A). 
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The ANL and the BNWL energy-density-dependent equa­
tions a re designated as EOS6 and EOS7, respectively. A brief description 
of each is given below. 

I 
EOS6 (ANL) At Ith time step U = Uo + Z AUj (38) 

i = i 

T = Max(T^, Tf^) for V^ £ 0.6 

T = Max[T^.Min(T/,,,T^2)] 

for VJ. > 0.6 (39) 

p = Max(p^,p^j) for V^ £ 1 

p = Max(p^,p^^) for V .̂ > 1 (40) 

U„ = (To-273)/(2287); 

To = Initial temperature; 

T^ = 273 + 2287U; 

T^j = (4272.5 - 1003V^+ l699Vr)(U-0.237 - 1.882Vj.); 

T^^ = [4272.5- (1003x0.6)+(1699x0.6^)][U-0.237 - (1.882x0.6)]; 

p^ = Exp[69.979 - ( 7 6 8 0 0 / T ) - 4 . 3 4 * l n T ] ; 

where 

p^^ = 1.554 X lO'^lU - 3.59 + 0.119V^ + 

exp(-9.67Vj. + 4.445Vr) 

0.0767\ 

V̂ r / 

p = 10"'(U - 3.2213 - 0.173Vr)(1.9Vr - 0.704). 

The subscripts v and I, designate fuel in the two-phase and single-phase 
regions, respectively. 

Equations 38-40 are analytical fits (due to R. B. Nicholson 
and J. F . Jackson) to the corresponding state of Menzies as shown in Figs . 6 
and 7. These expressions adequately fit his data throughout its entire range 
of reduced specific volumes from 0.'4 to 1.0. They appear to be reasonably 
acceptable for extrapolation to reduced volumes slightly below 0.4 and 
slightly la rger than 1.0. It is to be noted that these analytical fits have a 
much wider range of applicability than the original Menzies ' fit. 
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If the Murnaghan equation is used to compute the densit ies 
of sodium and stainless steel as function of p re s su re , the pa ramete r s 
associated with Eq. 35 must be defined. We chose the following values:^' 

3.59; 

74.8 - 0.050Tj>j^ + 9.71 x 10"' Tj^^; 

5.0; 

508 + 4.3Tgg - 5.53 x 10"' Tgg, 

where subscripts Na and ss designate sodiunn and stainless steel. 

Equations 38-40 coupled with Eqs. 35 and 36 form a set of 
equations which are solved at each time step and spatial mesh position by 
a direct i terative scheme. 

Results from MELT-Il-VENUS^''*° indicate that a significant 
portion of the core is below the melting temperature at the initiation of 
a disassembly calculation; therefore, the heat of fusion must be included 
in calculations for a power transient. Since the heat of fusion was not 
accounted for in the original Menzies corresponding-state calculations, 
the following modifications were made. 

If T < Tjj^gj^, the same procedure is used as outlined be­
fore without any nnodifications to the heat of fusion. 

If T a Tmelt and Umelt ^ U < Umelt + Hfusion. then 
T = Tmelt; U = Umelt = (Tmelt " 2 " ) / " 8 7 and p = Max(p^. p^,) for V^ S 1 
and p = Max(p.̂ ,̂ p^,) for Vj. > 1. 

Both Tmelt and Umelt values are used for the p re s su re cal­
culations, where Uj^ielt and Hj^gjQj^ are defined as the internal energy r e ­
quired to ra ise the tennperature to the melting point and the heat of fusion, 
respectively. 

If T > Tmelt and U > Umelt + ^fusion, an adjustment in 
energy scale is made, i.e., U' = U - Hf^gjQj^. The calculation then proceeds 
using the shifted internal energy U' in place of U in the temperature and 
p re s su re equations. 

For a description of EOS7, see Appendix A. 

It is to be noted that both EOS5 and EOS6 have built-in 
energy- temperature relationships. However, this caloric dependence can be 
adjusted through the input of specific heat when using the other equations 
of state. 
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2 . E q u a t i o n s of Sta te for a M e d i u m without Heat S o u r c e 

All the equa t ions of s t a t e tha t have been d i s c u s s e d so fa r a r e 
l i m i t e d to the c o r e r e g i o n s in which s igni f icant i n t e r n a l hea t g e n e r a t i o n 
o c c u r s . In r e g i o n s such a s b l anke t s or r e f l e c t o r s , t h e r e i s a s m a l l e r 
amoun t of hea t g e n e r a t i o n o r no hea t g e n e r a t i o n , and a s o m e w h a t d i f fe ren t 
a p p r o a c h is employed in connputing the p r e s s u r e s . It i s a s s u m e d that the 
p r e s s u r e s g e n e r a t e d in t h e s e r e g i o n s a r e due to the c o m p r e s s i o n r e s u l t i n g 
f r o m the m e s h d i s t o r t i o n o r the p r o p a g a t i o n of shock w a v e s . The equa t ion 
of s t a t e for the b lanke t or the r e f l e c t o r u s e d h e r e is e s s e n t i a l l y Eq . 35, 
and it nnay be sinnplified to the following fo rm: 

w h e r e 

wi th 

p(t) = Max(p , ( t ) ,0 ) , (41) 

1 P(t) - P„ 
P,(t) = Po + -1 " nr 

_fi 

Z.p(t).C^i' 
1 * 

6Vj the vo lume f rac t ion of ith m a t e r i a l ; 

p . the d e n s i t y of ith m a t e r i a l ; 

C J the ve loc i t y of sound in ith m a t e r i a l . 

The p r e s e n c e of void s p a c e in the b lanke t or r e f l e c t o r i s not 
c o n s i d e r e d in the above fo rmu la t i on . A p r o v i s i o n h a s been m a d e to a c c o u n t 
for t h i s in the following m a n n e r : 

P^^'> - Po If S e, then p = 0. 
Po 

p(t) - p 
If > e. then p(t) = Max(p , ( t ) ,0 ) , (42) 

Po 

w h e r e e i s the void f r ac t ion in b lanke t or r e f l e c t o r , and 

p . if-° aV 
l / P ( t ) - P , 

P,(t) = P „ + r l — r - " - e ) 



III. COMPARISON BETWEEN VENUS 
AND THE EXISTING METHODS 

A. VENUS versus AX-1 (Ref. 2) 

The following are three principal differences between the VENUS 
and the AX-1 programs; 

1. VENUS is two-dinnensional and AX-1 is one-dimensional. 

2. VENUS accounts for the Doppler-reactivity feedback. 

3. In VENUS neutronics, the reactivity changes due to material 
motion are calculated from perturbation theory, whereas in 
AX-1 the reactivity is periodically recalculated for the dis­
torted core by using neutron-transport theory as the dis­
assembly p rogresses . 

B. VENUS versus Bethe-Tait-type Calculations^"^ 

As pointed out before, the most widely used method for estimating 
the total energy generation during a disassembly accident is the Bethe-
Tait type of calculation. The method presented in this report has the follow­
ing three distinct advantages over the Bethe-Tait and the modified Bethe-
Tait analyses: 

1. The Bethe-Tait and the modified Bethe-Tait analysis methods 
fail to account for the effect on p ressu re of changes in fuel density during 
the excursion. P r e s s u r e can r ise and fall extrennely rapidly with small 
changes in density when the fuel density is high, as for "sodium-in" accident 
conditions, or if the core is assumed collapsed with high density following 
meltdown. Also in zoned core systems there can be large local density 
changes near a zone boundary during the course of the excursion. If the 
reactor accident under analysis should require this type of density-dependent 
p re s su re relation, the Bethe-Tait method cannot perform a meaningful d is ­
assennbly calculation. That VENUS has overcome this limitation represents 
a major improvement in the ability to make calculations for severe 
d isassembl ies . 

VENUS also computes the development of momentum as a func­
tion of position This information can be used to estimate conversion of 
nuclear energy to reactor damage including missi le damage. 

2. Since the density is connputed explicitly as a function of tinne, an 
energy- (or temperature-) density-dependent equation of state can readily 
be employed. 

3. Another advantage is that the use of Lagrangian coordinates in 
the VENUS program provides detailed information on the motion of the 
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reactor mater ia ls during the excursion. This information is essential to 
the basic understanding of the mechanics of the accident and is vital to the 
assessment of possible damage to the surrounding s t ructures . 

As a consequence of the advantages mentioned above, the method 
presented in this report is applicable to relatively slow excursion prob­
lems and high-density systems. In particular, two unique features are 
provided by the VENUS program. One is the pointwise description of core 
material contents and temperature. Thus, an appropriate equation of state 
can be assigned accordingly (such as sodium-in and sodium-out equations 
of state). Another is its treatment of implosion at any arbi t rary boundary 
surface (such as the voided region surrounded by the nonvoided region). 

Figure 8 presents the core configuration and the predicted energy 
yields during two excursions as obtained from the MARS (Bethe-Tait-type 
model) and the VENUS programs. As is expected, the agreement is good 

for the low-density systenn (p = 3.496 g/cm ). 
The slight discrepancy is mainly due to the in­
accurate treatment of the interface between the 
two core regions in MARS. Since the power 
density along this interface is higher in core 
region Z than in region 1, the core material 
tends to move inward. This local implosion 
gives a positive reactivity feedback, and thus 
increases the energy yield and lengthens the 
excursion time. For high-density systems, as 
energy increases the fuel expansion can quickly 
fill the voided space. Any additional energy can 
result in very high p ressures , which cause fuel 
explosion and thus terminate the excursion. For 
a high-density system, an energy-density-
dependent equation of state is needed. The pro­
nounced disagreement for the case in which 
p = 8.74 g /cm' is due to the limitation of an 
energy-dependent equation of state in the Bethe-

Tait-type model used in MARS. In high-density systems, as energy is 
added the solid and liquid fuel expansion can fill the void space and produce 
high p re s su res before there is a significant fuel vapor p re s su re . The equa­
tion of state then becomes strongly density dependent. In the case p = 
8.74 g /cm' in Fig. 8, the MARS calculation was done using the saturated 
vapor p r e s su re . This resulted in the pronounced disagreeiment evident in 
the figure. It should be noted that one could have altered the constants in 
the expression for the saturated vapor p ressu re or revised the equation of 
state in MARS to give a better approximation to the pressure at p = 
8 74 g /cm' . If this is done, a significant improvement in estimating of the 
energy release for high-density systems calculated by MARS is expected. 

irf" 

w 
c 

. n ' 

=~ 
~ 
-
5-j 

: 

1 1 1 \,^y:^-\- -_ 

^f'^P'^i^ gm/:c, NO VOID— 

>^ - ^ '3 .496 gm/cc. 60% VOID = 

/ /)«8.74 qm/CC. NO VOID 

f / ——VENUS 

'' E 130 

" g 90 
UJ 

z a: 
g 40 

E
A

C
 

3
 

MARS — 

UPPER BLANKET 

CORE REGION 1 g g 
[<->Q: 

LOWER BLANKET 

B
L

A
N

K
 

< 

0 120 150 190 
REACTOR RADIUS, cm 

1 1 1 1 1. 1 

Fig. 8. Comparison of Energy 
Yield Obtained from 
MARS and VENUS 



IV. DESCRIPTION OF COMPUTER PROGRAM 

Because the computer tinne required for a typical reactor-excurs ion 
problem is reasonable (approximately 10 min) with the IBM-360 Model 75 
and core storage is manageable, not much efforts were given to optimizing 
the computer time and conserving storage by using shortcuts or clever 
programming. Consequently, there may be instances where the program 
is somewhat inefficient in these respects . 

A. Curve Fitting for Material Reactivity Worth 

Both the power-density and mater ia l - react ivi ty-worth distributions 
are obtained either from experimental data or from nuclear calculations. 
These values are required by the program and are not necessar i ly equally 
spaced. The power-density distribution can be specified in one of the 
following two ways: 

1. If the power-density distribution is approximately separable 
and symmetrical; both the radial and axial power densities at the center 
lines of the reactor can be used as input. The computer program will auto­
matically generate the power densities throughout the remainder of the 
reactor . 

2. If the power-density distribution is either nonseparable or 
asymmetr ical , the power densities must be supplied pointwise, i.e., 
starting from the bottom level of the reactor to the top, and at each level 
moving radially outward from the center of the cylindrical reactor . 

The basic curve-fitting procedure is taken from Refs. 5 and 41. 
It is repeated here for the sake of clarity in the input specifications. 

1. Information is read which provides a value of the distribution 
functions at every intersection of a set of radial grid lines with a set of 
axial grid l ines. 

2. Each triplet of adjacent points on every axial grid line is fitted 
with a second-degree polynomial function of z. These polynonnials are used 
to evaluate the distribution function at the intersection points of the uni­
formly spaced set of radial mesh lines with the axial grid l ines. 

3. This 'new" distribution is fitted as a quadratic function of R 
along each of these newly defined radial lines. These polynomials are used 
to produce values of the distribution function at the intersection of the uni­
formly spaced radial lines with the uniformly spaced set of axial lines 
which is to be used in the numerical integration. 
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4. The final values of the derived distribution are fitted once more 
to a quadratic function of Z. The algorithm used to compute the quadratic 
functions is the following: 

The triplet of adjacent points is fitted to a polynomial of the form 

y = a + bx + ex , 

where the coefficients a, b, and c are given by substituting the values of 
three adjacent points (x . ,y . ) i = 1,2, and 3. 

y -y JjllIilhUhl 
^ ' ^ ' Xi - X3 

(X l - X3)(X3 - Xz) 

y, - y . 

c = 

Xl - Xz 
c ( x , + X i ) ; 

a = y, - bx, - ex]. 

The derivative is given by 

P- = b + 2cx. 
dx 

The power-density distribution is normalized so that the integrated 
power in the reactor is unity at t = 0; however, the mater ial-react ivi ty-
worth distribution must either have correct absolute values in the input or 
be normalized to the regionwise total material worth which is specified in 
the input. 

B. Control of Time Step 

The computer program automatically changes the time step size 
(within the limitation of the maximum and minimum time step specified 
by input) according to the numerical stability cri terion discussed in 
Section II.C.4. The step size can also be altered during a calculation by 
preset amounts specified in the input data. In addition, the tinne step is 
halved whenever the following conditions are met: 

|Power{ - Powerj .^f l 
> 'M fo'̂  decreasing power (43) 

Power. 



|Power^ - Power(._ A(.| 
> T) for increasing power, (44) 

Power j . ^ t 

where T]. and T]^ a re specified in the input. 

Whenever the power either increases or decreases very rapidly, 
numerical instability has been observed. This numerical instability can be 
eliminated by placing res t r ic t ions on the maximum allowable power change 
in a given time interval. The values of f) and i) depend on the character­
istics of the power excursion under investigation. 

Experience with the typical fast reactor power-excursion analyses 
indicates that there is no numerical instability with time steps of the order 
of 10 or 2 pisec for energy-dependent and energy-density-dependent equa­
tions of state, respectively. 

C. Output Control Options 

It is useful to print the two-dimensional temperature , p res su re , 
density, displacement, and velocity distributions in the reactor at specified 
t imes during the excursion. This option has been incorporated in the 
VENUS program. These distributions will be printed out every Nth time 
step, N being specified by the user . 

One of the output features in the VENUS program is the utilization 
of the IBM 2280, which produces 35-mm pictures of a cathode-ray-tube (CRT). 
The user can request a picture of the deformed mesh configuration after 
every K time steps. Again K is specified in the input and is not necessar i ly 
the same as N. Another output feature is the three-dimensional ( r -z-p) 
pictorial plot of p re s su re distribution, which is also available to the user 
upon request. 

The user has the option of selecting a part icular location (or loca­
tions) in the reactor at which either the p ressure or tennperature at that 
location as a function of time is to be plotted. The curve of energy re lease 
versus time can also be plotted upon request. 

D. Options to Terminate the P rogram 

The VENUS program will be terminated if any one of the following 
conditions is met: 

1. The effective neutron-multiplication factor (kgff) is less than the 
minimum value (kgff min) specified in the input. 
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2. The r e a c t o r power b e c o m e s s m a l l e r than the m i n i m u m o r 
g r e a t e r than the m a x i m u m spec i f i ed in the input . 

3. T i m e e x c e e d s the m a x i m u m value spec i f i ed in the input . 

4 . D i s t o r t i o n of the in i t i a l L a g r a n g i a n nnesh e x c e e d s the va lue 
spec i f i ed in the input . 

5. The n u m b e r of c y c l e s of c a l c u l a t i o n e x c e e d s a p r e d e t e r n n i n e d 
linnit. A cyc le of c a l c u l a t i o n is def ined as the c o m p l e t i o n of a 
c o m b i n e d n e u t r o n i c s , h y d r o d y n a m i c s , and r e a c t i v i t y - f e e d b a c k 
tinne s t e p . 

6. If Wmax e x c e e d s a p r e s e t value such a s 0.14.^'' 

E . P r o b l e m - s i z e L i m i t a t i o n s and C o r e - s t o r a g e R e q u i r e m e n t s 

T h e r e a r e t h r e e c l a s s e s of d a t a - s t o r a g e a r r a y s in VENUS tha t 
l a r g e l y d e t e r m i n e the m a x i m u m p r o b l e m s i z e and to ta l c o r e - s t o r a g e r e ­
q u i r e m e n t s . The f i r s t c l a s s i s a s e r i e s of v a r i a b l e - d i m e n s i o n e d a r r a y s 
that s t o r e da ta r e q u i r e d at e a c h s p a t i a l m e s h pos i t i on . T h e s e inc lude such 
da ta a s d e n s i t i e s , volvime f r a c t i o n s , m e s h point p o s i t i o n s , t e m p e r a t u r e s , and 
p r e s s u r e s . If t h e s e a r r a y s a r e d i m e n s i o n e d in the m a i n p r o g r a m to a g iven 
s i z e , s ay D I , then the m a x i m u m n u m b e r of m e s h i n t e r v a l s ( zones ) i s c o n ­
s t r a i n e d such tha t 

(IMAX + 3) • (JMAX + 3) £ D I . 

H e r e IMAX and JMAX a r e the to ta l n u m b e r of m e s h i n t e r v a l s in the r a d i a l 
and ax ia l d i r e c t i o n s ( s ee i n p u t - d a t a d e s c r i p t i o n in Append ix B) . 

A r r a y s of th i s type cons t i t u t e a l a r g e f r ac t ion of the to ta l c o r e -
s t o r a g e r e q u i r e n n e n t . F o r e x a m p l e , a DI = 1500 n e c e s s i t a t e s about 
360,000 b y t e s * on the IBM-360 c o m p u t e r . 

Four bytes of storage are required ro store a single-precision number. 



The second type of a r r ays are those used to store regionwise in­
formation. This includes such data as Doppler-feedback coefficients, 
region-averaged tempera tures , and regionwise densities and volume 
fractions. The size D2 of these one-dimensional a r r ays again limits the 
total number of regions that can be used. 

Since the number of regions is naturally much smaller than the 
number of mesh points (zones), the storage requirement for a r rays of this 
second type is relatively small . 

The base version of the code has dimensions of DI = 1500 and 
D2 = 20. It is the smallest dimension, however, that sets the size r e ­
striction on the problem specification. The above version of the code r e ­
quires a core-region size of approximately 600,000 bytes to execute on 
an IBM 360. 

For many problems of interest , the total core requirements can be 
lowered considerably by decreasing the a r ray-s ize dimensions to fit more 
closely the needs of a given problem. Indeed, the core size of a given 
computer dictates how large the array dimensions can become. As an 
example, a version of the code that has been applied to certain F F T F 
calculations allows about 700 mesh points, 20 regions, and 26 intervals 
per region. This version requires about 375,000 bytes of core . 

A decrease in the storage requirements can be obtained most readily 
by lowering the total number of mesh points allowed (DI). Significant de­
creases can also be effected by lowering D2. 

One reason for the large storage requirennents in VENUS is that all 
the floating-point data are stored in double precision (eight bytes per num­
ber stored). If core storage were a problem, it is probable that some of 
the large data a r r ays could be stored in single precision without significantly 
affecting the resul ts of the calculation. Fur ther , if the code is being run on 
a computer with a more accurate single-precision word size than an 
IBM 360, it might be possible to go entirely to single precision with a sub­
sequent decrease in the storage requirements of nearly 40%. 

F . Simplified Flow Diagram 

Figure 9 is a simplified diagram showing the overall logic and the 
sequence of computations performed by the program. 
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Fig. 9. Simplified Flow Diagram of VENUS Program 

V. NUMERICAL RESULTS 

The s y s t e m of equat ions used in the VENUS p r o g r a m is a se t of 
m ixed n o n l i n e a r o r d i n a r y and p a r t i a l d i f fe ren t ia l equa t ions ; t h e r e f o r e , 
one cannot d e r i v e an ana ly t i ca l s t ab i l i ty c r i t e r i a for the t i m e - s t e p s i z e . 
F u r t h e r m o r e , the e n e r g y - d e n s i t y - d e p e n d e n t equat ion of s t a t e i s be l i eved 
to be u s e d h e r e for the f i r s t t i m e in t w o - d i m e n s i o n a l d i s a s s e m b l y a n a l y s i s . 
T h e c h a r a c t e r i s t i c s of th i s type of equat ion of s t a t e have not been wel l 
e x p l o r e d . F o r t h e s e r e a s o n s , a n u m b e r of n u m e r i c a l e x p e r i m e n t s w e r e 
p e r f o r m e d . The p r i m a r y p u r p o s e s for t h e s e n u m e r i c a l e x p e r i m e n t s w e r e 
a s fo l lows: 

1. To establish empirical rules for selecting both t ime-step size 
and mesh setup for the range of parameters of interest in disassembly 
analyses; 

2. To investigate the fundamental differences between the energy-
dependent and the energy-density-dependent equations of state; 

3. To examine the validity of the "extrapolation technique" used 
to avoid "direct iteration" between the power and the reactivity feedbacks 
at each time step. 

Two representative reactor problems, designated Reactors I and II, 
were investigated. Figures 10 and 11 present their geometric configura­
tion and power-density shape. The mater ial-react ivi ty-worth distributions 



per unit vo lume of Reactor II are tabulated in Table II; s i m i l a r intormation 
for Reactor I can be found in Appendix C (Typical Output). Table III l i s t s 
core c h a r a c t e r i s t i c s of both r e a c t o r s . 
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TABLE I I . Material Reactivity Wortti for Reactor II 

Core Region 1 

40 80 120 120 

Core Region 2 

130 140 150 

go 0 .315x10"' 0.281) X 10"' 0 . 2 2 5 x 1 0 ' ' 0 1 2 5 x 1 0 " ' OlM x 10"' 0 .155x10"' 0 .110x10"' 0600 x i r ' 

73.33 0 .360x10"' 0 3 3 1 x 1 0 " ' 0 .246x10"' 0 1 4 5 x 1 0 " ' 0 2 2 4 x 1 0 " ' 0.17<) x 10"' 0 .128x10"' 0 .700x10"' 

56.67 0,360 x 10"' 0.331 x 10"' 0.246 x 10"' 0.145 x 10"' 0224 x 10"' 0.179 x 10"' 0.128 x 10"' 0.700 x 10"' 

40 0315 X 10"' 0.289 x 10"' 0225 x 10"' 0125 x 10"' 0.194 x 10"' 0.155 x 10"' OHO x 10"' 0600 x 10"' 
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TABLE III. Core Characteristics of Reactors I and II 

Description Reactor II 

Prompt-neutron Generation Time, sec 

Delayed-neutron Fraction: 
Groups I ^1 

2 Pi 
3 PJ 
* PH 
5 Ps 
b Pi 

Decay Constant of Delayed-neutron Precursor: 
Groups 1 Xj 

2 \, 
3 \ j 
4 \, 
5 X, 

6 X4 

Doppler-reactivity Coefficient, T dk/dT 

Reactivity Ramp-insertion Rate, $/sec 

Initial Reactor Power, W 

Initial Average Reactor Temperature, 'K 

Core Volume Fractions; 
Fuel (PuOz-VOz) 
Sodiunn 
Structure Steel 
Void 

Density of Fuel (PuOz-UO;), g/cm* 

Density of Sodium, g/cc 

Density of Structure Steel, g/cnn* 

3.50 X 10" ' 

1.10 X 10"* 
8.40 X 10-' 
6.50 X 10"* 
9.90 X 10"* 
3.10 X 10-* 
1.10 X 10"* 

1.29 X 10" ' 
3.11 X 1 0 - ' 
1.34 X 10" ' 
3.31 X 10" ' 

1.26 
3.21 

-0.002 

100 

1.524 X 10 ' ' 

_ a 

0.37 
0.33 
0.25 
0,05 

8.74 

0.80 

8.00 

5.00 X 10' 

7.59 X 10" 
6.26 X 10" 
5.64 X 10" 
1.70 X 10" 
4.89 X 10" 
1.63 X 10" 

1.30 X 10" 
3.14 X ID" 
1.36 X 10" 
3.40 X 10" 

1.32 
3.50 

-0.002 

100 

1 X 10' 

UOO*" 

0.40 
0.40 
0.20 
0 

8.74 

0.80 

a.00 

^Pointwise temperature-input option is chosen fcr actual temperature distribu­
tion; see Appendix C. 

"Temperature is assumed proportional to the local power density and normalized 
to the reactor average temperature. The peak temperature in the core is 
-5700*K. 

The present chapter summarizes some of the numerical resul ts for 
these two reactors , namely, the FFTF-type core (Reactor I) and the 
Pancake-type core (Reactor II). These numerical problems were originally 
tackled at various t imes over a year and one-half, and as a result there was 
considerable variation in the reactor parameters used in the calculations. 
It is believed that the most significant conclusions will remain true for a 
substantial range of parameter values corresponding to the current sodium-
cooled fast breeder reac tors . 

A. Time-step Size and Mesh Setup 

In this section, three problems are investigated. The first is to 
estinnate an appropriate t ime-step size for a given mesh setup (or mesh 
size). The second problem is opposite to the first one, i.e., tor a given 
time step what is the effect of the mesh setup. The last is to examine the 



possibility of using variable mesh size so that the computer running time 
can be shortened without impairing the accuracy of the resul ts . It is inn-
portant to note that all the conclusions reached in this section are empirical 
in nature and merely provide guidance to the user . 

1. To Estimate the Time-step Size for a Given Mesh Setup 

The cri terion for estimating an appropriate t ime-step size 
for a given mesh setup is as follows; the t ime-s tep size is decreased 
sequentially, until at two consecutive time steps the resul ts closely agree 
both in local and integral quantities. The p res su re , temperature , density, 
etc., a re considered as local quantities; the total energy yield and the ex­
cursion time represent integral quantities. 

Figures 12 and 13 present the p ressu re distribution as a func­
tion of time at the central nodal point of Reactor I for the sodium-out and 
sodiunn-in cases , respectively. For the sodium-out case, energy-dependent 
equation of state is used, and for the sodium-in case, energy-density-
dependent equation of state is used. The mesh setup used in these calcula­
tions can be found in Appendix C (Typical Input). Table IV lists the total 
energy yield and the excursion time for both sodium-in and sodium-out 
cases . The reason for presenting the p ressu re annong all the local quan­
tit ies is that the p ressu re is the most sensitive to the t ime-s tep variation. 
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Fig. 12. Pressure vs Time at Core Center 
of Reactor I for Sodium-out Case 
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Fig. 13. Pressure vs Time at Core Center 
of Reactor I for Sodium-in Case 
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TABLE IV. Total E n e r g y Yield and E x c u r s i o n T i m e 
for Var ious T i m e - s t e p Sizes 

Sodium-out 
EOS2* 
EOS2 
EOS2 
EOS2 

Sodium- in 
EOS7 
EOS7 
EOS? 
EOS7 
EOS? 

Tl 

AT 

2.5 
5.0 

10.0 
15.0 

i.o'> 
2.0 
2.5 
5.0 

10.0 

ime Steps , 

AT min 

1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

;isec 

AT max 

7.5 
15 0 
30.0 
30,0 

2.0 
4.0 
7.5 

15.0 
30.0 

Total E n e r 
Yield, 10' 

8.72 
8.71 
8.73 
8.?3 

3.74 
3.74 
3.72 
3.69 
3.70 

gy 
J 

E x c u r s i o n T i m e , 
m s e c 

1.070 
1.067 
1.070 
1.071 

0.647 
0.646 
0.642 
0,636 
0,639 

*EOS = Equat ion of s t a t e . 
°The p r e s s u r e d i s t r ibu t ion as a function of t i m e for this case was not p r e s e n t e d 

in F ig . 13 because it follows c losely to the c a s e AT = 2 fisec. 

From the results presented in Figs. 12 and 13 and Table IV, 
it is concluded that 

a. The local p ressu re distribution is not sensitive when the 
energy-dependent equation of state is employed (see Fig. 12). However, 
when the energy-density-dependent equation of state is used, the local 
p re s su re distribution becomes very sensitive to the size of the time step 
used (see Fig. 1 3). 

b. The integral quantities (i.e., the total energy yield and the 
excursion time) are not very sensitive to the t ime-step sizes, at least in 
the range of t ime-step sizes investigated in this study (see Table IV). 

c. A t ime-step size of approximately 10 and 2 sec were found 
adequate for the sodium-out (energy-dependent equation) and the sodium-in 
(energy-density-dependent equation) cases , respectively. When an energy-
density-dependent equation is used, the selection of the t ime-step size is 
strongly influenced by such factors as the initial power-density (or tem­
perature) distribution, the range of material densities encountered during 
an excursion, the compressibili ty of the nonfuel core constituents, and the 
inherent character is t ics of the equation of state. 

2. Effect of Mesh Size for a Given Tinne Step 

A similar approach is employed in estimating the effect of the 
spatial mesh size for a given time step. The t ime-step sizes used here a re 
the values recomnnended in the previous section. The number of mesh 
points describing a reactor is increased sequentially until using two con­
secutive mesh sizes yields nearly the same results in both local quantit ies. 



A somewhat a rb i t ra ry cri terion is adapted here in checking the 
local quantities such as p re s su re . The p re s su re in a part icular zone of the 
coarse-mesh setup is compared to an average pressure of many zones in 
the corresponding volume occupied by the fine-mesh setup. Because of the 
limitations of the fast core capacity and running tiine of the computer it 
is not feasible to run a problem with as many mesh points as would be 
desired. The resul ts presented here are based on the three different mesh 
sizes which are designated as Problems 1, 2, and 3, and shown in Fig. 14. 
All power-density distributions of Reactor II (shown in Fig. 11) are ex­
pressed in analytical form so as to minimize the e r r o r s due to the inter­
polation or extrapolation. Figures 15 and 16 show the p re s su re distribution 
of Problems 1, 2, and 3 at the central nodal point of Reactor II for sodium-
out and sodium-in cases , respectively. Similar information can be found in 
Figs . 17 and 18 at location marked 1 in Fig. 14. Table V l is ts the total 
energy yield and excursion time for all cases. 
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Fig. 15. Pressure vs Time at Core Center of 
Reactor II for Sodium-out Case 
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TABLE V. Total Energy Yield and Excursion Time for Various Mesh Sizes 

Description 

Sodium-out 
Prob. 1 
Prob. 2 
Prob. 3 

Sodium-in 
Prob. 1 
Prob. 2 
Prob. 3 

Equation 
of State 

EOS2 
EOS2 
EOS2 

EOS7 
E0S7 
EOS7 

AT 

10 
10 
10 

2 
2 
2 

Time 

AT 

Steps 

min 

1 
1 
1 

1 
1 
1 

^sec 

AT max 

30 
30 
30 

5 
5 
5 

Total Energy 
Yield, J 

4.02 X lO' 
3.68 X 10' 
3.57 X 10' 

1.84 X lO' 
1.67 X 10' 
1.56 X 10" 

Excursion Time, 
msec 

1.340 
1.250 
1.220 

0.137 
0.127 
0.120 

Based on the results shown in Figs. 15-18, and in Table V, it 
is concluded that: 

a. The local p ressu re distribution is not very sensitive when 
the energy-dependent equation of state is used (see Figs . 15 and 17). How­
ever, when the energy-density-dependent equation is employed, the local 
p re s su re distribution becomes very sensitive to the variations of mesh 
size, and there is little resemblance among the results (see Fig. 18). It is 
believed that additional mesh points (and a snnaller t ime-step size) may be 
needed in order to reproduce the local p ressure distribution. This probably 
will cause excessive computer running tinne and exceed fast core-s torage 
capacity. 

b. The total energy yield and excursion time are more sensi­
tive to the different mesh sizes than to t ime-step variations (see Tables IV 
and V). The maximum variation in total energy yield between Problems 1 
and 3 are approximately 11 and 15% for sodium-in and sodium-out cases , 
respectively; the corresponding differences between Problems 2 and 3 a re 
reduced to 3 and 6%. As will be shown later for Problem 2, these differ­
ences can be further reduced by using variable nnesh setup with few addi­
tional mesh points. 
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c. A mesh size in the vicinity of 5 cm seems adequate for 
sodium-out cases . It is desirable to use a mesh size less than 5 cm for 
sodium-in cases . However, if the p r imary interest of a disassennbly 
analysis is the total energy yield, the nnesh size around 5 cnn may be 
sufficient. 

3. Variable Mesh Setup 

The previously described calculations were perfornned with an 
equally spaced mesh within a region. In any finite-difference nunnerical 
calculation, it is always desirable to have finer mesh description at the 
locations where the sharp variation of dependent variables occur, and 
coarser mesh may be used where the variation is mild. This suggests a 
variable nnesh setup is most econonnical since the computer running tinne 
is roughly proportional to the square of total mesh points. To demonstrate 
this point we reran Problenn Z with an additional cell on each side at every 
interface between two regions. These runs are designated as Problem 2A, 
and their resul ts are presented in Table VI along with Problems 1, 2, and 
3 for connparison. 

T A B L E VI. C o m p a r i s o n of Tota l E n e r g y Yield and E x c u r s i o n T i m e 
be tween R e g u l a r and V a r i a b l e M e s h Setup 

Equat ion 
D e s c r i p t i o n of Sta te P r o b l e m 1 P r o b l e m 2 P r o b l e m 2A P r o b l e m 3 

S o d i u m - o u t 
Tota l e n e r g y yield, lO ' J 
E x c u r s i o n t i m e , m s e c 
C o m p l e t e running t i m e , min 

S o d i u m - i n 
To ta l e n e r g y yield, 10 J 
E x c u r s i o n t i m e , m s e c 
C o m p l e t e running tinne, m i n 

We concluded from these results that 

a. conclusion a in 2 still holds; 

b. the differences in total energy yield between Problems 2A 
and 3 a re approximately 1 and 3% for sodiunn-out and sodium-in cases , 
respectively, a significant reduction when compared to the corresponding 
differences of 3 and 6% between Problems 2 and 3. This suggests that the 
accuracy in resul ts fronn Problem 2A is comparable to Problenn 3, at least 
in integral quantities, and yet the saving on computer time is a factor of 
three . Therefore, the variable mesh setup as shown in Problenn 2A is 
recomnnended for all disassembly analyses. 

EOS2 
EOS2 
EOS2 

EOS7 
EOS7 
EOS7 

4.02 
1.34 
2.10 

1.84 
0.137 
1.85 

3.68 
1.25 
4.80 

1.67 
0.127 
3.11 

3.61 
1.235 
5.56 

1.61 
0.124 
6.77 

3.57 
1.220 

18.07 

1.56 
0.120 

17.27 
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B. Fundannental Differences between Energy-dependent and 
Energy-density-dependent Equations of State 

Careful examination of the results presented in Sect. V.A suggest 
that the fundamental differences between the energy-dependent and energy-
density-dependent equations of state can be stated as follows: 

1. When an energy-density-dependent equation is used, very high 
p r e s su re s can be generated if the local systenn states fall into the single-
phase region. This contrasts with the calculations employing the energy-
dependent equation such as in MARS, in which the local system states cannot 
be correctly predicted in the single-phase region, 

2. For either high-density or high-energy-density systems, the 
local p ressu res can exhibit oscillating character is t ics when the energy-
density-dependent equation is used. This is because very little density 
change (or volumetric compression or expansion) can cause local p r e s su re 
oscillations between the single-phase and two-phase regions. 

In general, high p ressures are generated much ear l ier during the 
sodiunn-in cases as connpared to the sodium-out cases . Therefore, it is 
expected that for sodium-in cases the excursion will be terminated ear l ie r 
and, accordingly, decrease the total energy yield. 

C. Iteration between Power and Reactivity Feedbacks 

In theory an iterative scheme nnust be ennployed between the power-
and the reactivity-feedback calculations a t t a c h time step during a transient . 
Pract ical ly, this requires twice the computer storage space and perhaps 
the connputer running tinne is lengthened by a factor of two or more . In view 
of the size of the VENUS program and the linnited capacity of the computer 
fast core, it was decided to use an "extrapolation technique" sinnilar to that 
used in MARS. The "extrapolation technique" is carried out as follows: 

1. Express each component of change in neutron multiplication 
factor (such as the Doppler feedback) in quadratic form; 

6kj = ao + ait + azt^ i = 2, 3, (45) 

where ap, a], and a^ a re coefficients which are evaluated by knowing the feed­
back multiplication factor changes at the previous three time steps. 

2. Extrapolating the current feedback multiplication factor changes 
by using Eq. 45 along with the progrannnned change in neutron multiplication 
factor. Per form the cyclic computation as shown in Fig. 9, i.e., Neutronic-
Energy Balance--Equation of State--Hydrodynamic--Feedback Reactivity 
Calculation. With these new feedback multiplication factor changes the 
coefficients in Eq. 45 is updated. 



3. Increment the tinne step, and repeat the calculations as out­
lined in 1 and 2 until the transient is terminated. 

One of the shortconnings of the above procedure is the lack of in­
formation needed to evaluate the coefficients in Eq. 45 at the initiation of 
the calculation. This shortcoming has been overcome by dividing the first 
time step (AT) into three equal sub-time steps: at t = 0, ATi/3, and 2 A T / 3 , 
and the systenn equation is solved iteratively at these time steps. Thus, 
the coefficients in Eq. 45 can be evaluated. Once these coefficients are 
known, calculations can proceed by using the "extrapolation technique" 
outlined above. 

The results of a comparison was made between the "extrapolation 
technique" and the "direct iteration" presented in Fig. 19. It is concluded 
that the agreement in both feedback neutron nnultiplication factor changes 
and energy yield is good. 
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Fig. 19 
Comparison between the "Extrapolation 
Technique" and the "Direct Iteration" 

VI. DISCUSSION AND CONCLUSIONS 

1. In the course of developing the VENUS computer program, the 
paramount objective was simplicity in calculation with reasonable accuracy 
in describing the physical situation during a power excursion. It is believed 
this objective is satisfactorily fulfilled. 

2. Because of the lack of experimental data on the functional de­
pendence of p ressure , energy (or temperature) , and density in the range of 
interest , the validity of the equations of state used in this study is question­
able. The user must be aware of the uncertainty involved in the equation 
of state and the resultant uncertainty in the results obtained from the 
VENUS progrann. It is hoped that more research effort will be channeled 
into this a rea , so that a better understanding of the behavior of the reactor 
fuel at high tennperatures and p ressu res will eventually provide a sound 
and valid equation of state. 
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3. The finite-difference scheme used in the hydrodynamics is a 
modified version of Kolsky ' s" method. This scheme is called the Midpoint 
method. Amurud and Orr '^ have observed that Kolsky's method led to 
reversa l of signs of the accelerations when the mesh becanne sufficiently 
distorted. The Midpoint method tends to correc t this deficiency. Hermann^' 
investigated a number of finite-difference schemes and has concluded that 
no one finite-difference schenne is clearly superior to the others . None of 
the schemes give correc t resul ts when the mesh deformation becomes very 
large. Accordingly, we conclude that the VENUS calculation is meaningful 
only if the distorted mesh does not deviate excessively from the original. 
No work has been done to investigate what is an excessive mesh distortion. 
However, experience with VENUS for normal analyses of disassembly acci­
dents indicates no difficulty due to this problem In any event, this problem 
can be removed by "rezoning "•*' 

4. The effect of the blanket on the total energy yield, p ressure 
distribution, etc., has not as yet been exannined thoroughly. Two problems 
are often associated with the blanket. One is to specify an equation of state 
in the blanket which has a complex s t ructure . The other is the propagation 
of pressure waves and subsequent treatment of the external boundary con­
ditions. The current treatment of the blanket in the VENUS calculation is 
simply to relate the pressure and local compression linearly. A threshold 
in the compression is provided in order to take account of the void space. 
It is further assumed that the blanket is a homogeneous mixture of the 
various mate r i a l s . This model is very crude, and more effort is needed in 
this area . 

5. In order to estimate the total energy generation accurately, a 
t ime-space-dependent neutronics formulation is needed. It is believed that 
the limitations in both computer speed and storage space prohibit the m a s ­
sive calculations necessary to generate the solutions of two- (or three-) 
dimensional, t ime-space dependent, multigroup diffusion-theory problems 
by a direct numerical nnethod. Our current effort'-* is directed toward the 
developnnent of a fast and reasonably accurate method to replace the direct 
numerical approach in t ime-space-dependent neutronics calculations. 

6. The second-order polynomial curve fitting for the ma te r i a l -
reactivity-worth distribution is found, in certain cases , to be very r e ­
s tr ic t ive. In order to avoid this unnecessary restr ict ion, a h igher-order 
(>2) polynomial curve fitting routine is suggested. 

7 The current version of VENUS is written specifically for 
IBM-360 Model 75. Several output options such as the IBM-2280, CALCOMP 
PLOT 780 etc. , are system-dependent. Therefore, it is suggested to delete 
these options if one wants to convert VENUS program applicability to other 
computers such as CDC 6600 or UNIVAC 1108. 
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8. One of the serious difficulties in reactor-explosion studies is 
to postulate the possible events which will lead to superpronnpt crit ical 
power excursions. It is even more difficult to pinpoint the reactor state 
pr ior to an explosive accident (i.e., to descr ibe the input data to the VENUS 
program). In order to bypass these difficulties and to compute system­
atically the reactor accident sequence, joint effort between BNWL and ANL 
to develop a computational system--MELT-II-VENUS, i.e., coupling MELT-II 
and VENUS p rog rams- -has been successfully completed. Para l le l efforts at 
ANL to develop the SASIB program has been initiated, and VENUS will be­
come a segment of SASIB. It is believed that the MELT-II-VENUS program 
is the first attempt in two-dimensional analysis to predict the history of an 
accident as well as to predict the events that will lead to a severe power 
excursion. 

9. The connplexity of coupled neutronics-hydrodynamics excursion 
analysis always leaves plenty of roonn for further improvements. Several 
modifications of the VENUS program are being carr ied out, and much more 
time will be needed to complete these. Because a number of people have 
expressed interest in the VENUS-type analyses for weak-explosion studies, 
the authors have released the VENUS computer program in this early form. 
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APPENDIX A 

Energy- (or Temperature-) density-dependent Equation 
of State Developed by BNWL 

Alan E. Waltar 

Knowledge of the fuel vapor pressure as a function of tennperature 
is not sufficient to characterize the driving pressures in a core-disassembly 
accident once the fuel has expanded to the point where all available voids 
are filled. Should a region of the core contain a sizable portion of the 
original sodium inventory, all voids can be filled early in the transient, and 
p ressures beyond that point become character is t ic of a heated, confined 
liquid. The large pressures which then ensue quickly force fuel toward 
lower-pressure regions, and the resultant decrease in local fuel density 
can allow the return of the two-phase (liquid-vapor) regime. Hence, it is 
important to allow for an explicit density dependence in the fuel equation 
of state. 

The present appendix contains a summary of a particular formu­
lation derived for use in early F F T F studies. The approach is outlined in 
two phases, the first being applicable to dry-core (sodiunn-out) cases or 
for sodiunn-in cases where sodiunn connpressibility is ignored, and the 
second includes the complications arising when sodium compressibility is 
included. 

1. Sodium Out or Inconnpressible Sodium 

Two types of pressure formulations>are necessary in specifying a 
temperature-densi 'ty-dependent equation of state. One accounts for fuel 
vapor pressure when the system is comprised of the liquid and vapor phases, 
and the other is required to estimate the pressure of the heated, confined 
liquid. 

A numerical fit to the vapor pressures of Ackerman's low-
temperature data is 

p^ = exp|55.455 = 4.2808 In T j . (A.l) 

The p ressu re -ve r sus - t empera tu re curve of Eq. A.l can be found in Fig. 3, 
labeled EOS2. 

Est imates for the pressure existing in the purely liquid state have 
been made using fuel density versus temperature data to determine the 
point of departure (that i s , the departure temperature) from the saturated-
vapor line and corresponding states to determine the P-T slopes in the liquid 
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phase. Christensen' ' ' found that the melting tempera ture , liquid density 
at the melting point, and linear coefficient of expansion at the melting point 
of UOj were 3070°K, 8.74 g / c m ^ and 3.5 x 10'^ °K"', respectively. F r o m 
these data, it was estinnated that the volumetric coefficient of expansion (a) 
was about 1.05 x 10'* °K' ' . Disregarding any pressure dependence, the 
liquid density was then estimated to be 

p = Po[l-ct(T-To)] 

= 8.74[1 - 1.05 x 10'* (T - 3070)] g / c m \ (A. 2) 

This equation can be used to determine the departure temperature 
for a given fuel system by letting p equal the density of the fuel in its avail­
able volunne. Thus, 

= ( I - P U 
\ Pol o-

+ T„ 

( ' • 5 ^ ) r 
1 

05 X 10 ' 
+ 3070°K. (A. 3) 
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The temperature dependence of 
the density of liquid UO2, as described 
above, is shown in Fig. A . l . The 
extrapolated-data relationship is shown 
as a straight line even though it should 
curve downward (at least near the cr i t ical 
point). Miller^' utilized Chr is tensen 's 
data and the "law of rect i l inear d iameters" 
to construct a temperature-densi ty r e l a ­
tionship up to the cr i t ical point. F r o m 
his plot it was est imated that a l inear 
temperature-densi ty relationship was 

quite adequate over the temperature range of in teres t . In any event, any 
downward curvature in the relationship would cause departure to occur at 
lower tempera tures , so that the linear relationship is a conservative choice. 

Once the fuel system is purely liquid, it is assumed that the slope 
of the p ressure - tempera tu re curve is a constant for a given fuel density: 

5 0 0 0 6000 
TEMPERATURE."K 

Fig. A.l. Liquid Density of UO2 

fx) = (̂P)-

An estimate of f(p) was obtained from the corresponding-s ta tes 
tables of Hough ^ M-^' The plot (for an assumed cr i t ical compressibi l i ty 
of 0.27) in Fig. A.2 indicates that the straight-l ine approximation is quite 
adequate. The vapor p ressure plotted in the curve is a fit to the high-
temperature data of Ackermann. An analytic fit to this figure is 
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Sp d P r \ 

^ r l ='^ exp[2.0958 + 0.430(Pr - 0.832) ], (A.4) 

where 

Pj. = reduced p res su re ; 

TJ. = reduced tennperature; 

p_ = reduced density, 

o r , 

bp\ ^ Rp 0.27 

tr) ' M 
exp[2.0958 + 0.430(p - 0.832) ], (A.5) 

where 

p = p ressure ; 

T = temperature; 

p = density; 

M = molecular weight of fuel; 

R = gas constant. 

If a cri t ical density (p ,̂) of 3.0 g /cm ' , as obtained from Menzies , " is 
assumed, » 

- | ^ j = p 0.666 exp[0.048(p-2.5)^]. {A.6) 

~ 

I ' p ' 1 ' / ' / ' ' ' ' 
l",-» 1 1 / / ''•'" 
1 I*"' • ' ° 1 1 1 ' C»LCUL«Tetl P O I N T T 
1 1 I ' V * • / „ . , , L . , A LINEAR »PPROX. 

1 1 / / / (>,•«.« ffta e,-\.t ',•'* 

i i i /• / / / / / 
1 1 I I I / / / 
1 1 I I I / / / "'X 
1 1 1 1 1 / / / ^ 
\ 1 / / / / / / X' 
1 1 I I I / //y 
\ 1 /• / / /^i^' 

1 ! 1 11 ' . J—. ' - r * 1 1 1 1 
0.9 0.4 O.S 0.« 0.7 O.B 0.* 1.0 I.I l .t 1.9 

REDUCED TEMPCRATURE (T,) 

(=ig. A.2. Pressure-Temperature Relationship for Sodium-in Case 
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The p ressu re - t empera tu re relationship in the liquid fuel region can 
thus be written as 

p = 1^:) (T-T^) + Pd, (A.7) 

P 

w h e r e 

^ j i s g iven by E q . A . 6 ; 

Tjj i s g iven by E q . A . 3 ; 

p , i s the p r e s s u r e of the fuel v a p o r a t the t e m p e r a t u r e T ^ . 

T h i s f o r m u l a t i o n a p p e a r s r e a s o n a b l e for ana lyz ing d r y c o r e s (p i s 
fuel d e n s i t y in i t s ava i l ab l e vo lume and is r e l a t i v e l y low if no s o d i u m is 
p r e s e n t ) and for wet c o r e c a s e s if s o d i u m c o m p r e s s i b i l i t y i s i g n o r e d . 

2. C o m p r e s s i b l e Sod ium 

If s o d i u m is a s s u m e d to be i n c o m p r e s s i b l e , E q . A.7 can be e v a l u a t e d 
exp l i c i t l y for any t e m p e r a t u r e - d e n s i t y cond i t ion . H o w e v e r , in c o n s i d e r i n g 
the effects of s o d i u m c o m p r e s s i b i l i t y , the p r o b l e m b e c o m e s s ign i f i can t ly 
m o r e c o m p l i c a t e d . To inc lude th i s effect , c o n s i d e r a s m a l l c o r e vo lume 
e l e m e n t in i t i a l ly con ta in ing M g r a m s of fuel , VNao ^^^ °^ s o d i u m , and 
Vsso c m ' of the i n e r t m a t e r i a l . The i n e r t m a t e r i a l ( i . e . , s t a i n l e s s s t e e l ) i s 
a s s u m e d to be i n c o m p r e s s i b l e . If the in i t i a l vo lume of the e l e m e n t i s V T Q . 
the in i t i a l dens i t y of the fuel in i t s ava i l ab l e vo lume i s 

Po = TT r; TT—• (A.8) 
VTO - ^ N a - Vss 

" 0 0 

As the accident p rogresses , however, the total volume and the vol­
ume occupied by the sodium will change. The fuel density then will be 

^ T - . (A.9) 
^ V T - VNa - Vss„' 

where V j and Vĵ ĵ  are time-dependent values. The value of Vĵ ĵ  can be 
determined if the sodium adiabatic compressibili ty (ttg) and the p ressure 
(p) are known: 

^Na = ^Nao ^ ' 'P[-S(P-Po)]- (A-10) 



55 

In a code u s ing a L a g r a n g i a n c o o r d i n a t e s y s t e m , such as VENUS, 
the m a s s of m a t e r i a l in each nodal e l e m e n t r e m a i n s c o n s t a n t du r ing the 
t r a n s i e n t , and the c u r r e n t nodal vo lume and fuel t e m p e r a t u r e a r e nnoni-
t o r e d . The vo lume o c c u p i e d by the sod ium i s not c a l c u l a t e d exp l i c i t l y and 
t h e r e f o r e , m u s t be i n h e r e n t in the equat ion of s t a t e of the fuel m a t e r i a l . 
If the s o d i u m h a s a f inite c o m p r e s s i b i l i t y , Eq . A.9 b e c o m e s a function of 
p r e s s u r e and Eq. A.7 can only be so lved for p r e s s u r e by i t e r a t i o n . In 
o r d e r to avoid i t e r a t i o n s in the d i s a s s e m b l y code , it would be d e s i r a b l e to 

have an equa t ion s i m i l a r to Eq . A.7 in which § ^ ) i s r e p l a c e d by T ^ ) . 
o 1 /p o i / y,^ 

and ^=;j , T J , and p , b e c o m e funct ions only of the c u r r e n t vo lume occup ied 

by the vo lume e l e m e n t ( V T ) - The r e s u l t i n g equa t ion , if i t can be found, 
would , of c o u r s e , be a function not only of the fuel p r o p e r t i e s , but a l so of 
the r e a c t o r c o m p o s i t i o n and ad i aba t i c c o m p r e s s i b i l i t y of s o d i u m . 

In B N W L - 7 6 0 Supp lemen t 1 , ' ' i t e r a t i v e so lu t ions to E q s . A . 7 , 
dp\ 

A . 9 , and A.10 have been ob ta ined , and the feas ib i l i ty of a s s u m i n g -r= I 
d T / v j 

to be a function only of V j h a s been d e m o n s t r a t e d . The d e t a i l s wi l l not be 
r e p e a t e d h e r e . Since the to ta l nodal vo lume V-j- i s a lways m o n i t o r e d in 
VENUS, the a p p r o a c h d i s c u s s e d above , i . e . , avoiding i t e r a t i o n s on p r e s s u r e , 
can be u t i l i zed at a g r e a t saving in compu ta t i on t i m e . 

In o r d e r to get^=^J , as s u g g e s t e d above , a r a t h e r lengthy (but 
01/ Y,p 

s t r a i g h t f o r w a r d ) s c h e m e i s u s e d . F i g u r e A.3 i l l u s t r a t e s the s e q u e n c e u s e d : 

1) p ' i s s e l e c t e d to be Sonne l a r g e 
p r e s s u r e n e a r the uppe r r a n g e of i n t e r e s t 
( -2000 a t m ) ; 

2) Tjj and p j a r e eva lua t ed f r o m 
E q s . A.3 and A . l r e s p e c t i v e l y ; 

TEMPERATURE ( T ) 

3) •T^l i s e v a l u a t e d f r o m E q . A . 6 ; 
"^^'Po 

4) Tl i s ob ta ined knowing 2) and 
3) above ; 

5) p ' i s e v a l u a t e d f r o m the e q u a t i o n 

Fig. A.3. Schematic of Computational Pfp 
Procedure Used to Evaluate P 
Slope of P-T Curve for -Jl - i^e'^sP' - g„ 
Compressible Sodium Pf 



56 

w h e r e 

p, = c u r r e n t fuel s m e a r e d d e n s i t y ; 

P£(, = i n i t i a l fuel s m e a r e d d e n s i t y ; 

fj = i n i t i a l v o l u m e f r ac t i on s o d i u m ; 

gp = i n i t i a l vo lume f r ac t i on s t r u c t u r e ; 

ttg = a d i a b a t i c s o d i u m c o m p r e s s i b i l i t y ; 

6) T ' i s e v a l u a t e d by a s s u m i n g s o d i u m a lways had the vo lume i t 
bp \ 

o c c u p i e s at p r e s s u r e p ' , i . e . , T V p\, and "STTrl a r e e v a l u a t e d by E q s . A . 3 , 
/p ' 

A . l , and A . 6 , r e s p e c t i v e l y ; 

7) 'iTpl i s then eva lua t ed s ince p ' , T ' , and Tj a r e known, H e n c e , 
br/ V-Y 

p c a n be eva lua t ed d i r e c t l y . 

Al though th i s a p p e a r s c u m b e r s o n n e , the m e t h o d avo ids i t e r a t i o n on 
p r e s s u r e , a l l ows e a s e of changing c o r e c o m p o s i t i o n s , and i s b e l i e v e d to be 
r e a s o n a b l y a c c u r a t e . 
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A P P E N D I X B 

I n p u t F o r m a t 

Ca rd No. F o r m a t 

(10A8) 

(1216) 

(1216) 

P a r a m e t e r and Descr ip t ion 

Tit le Ca rd - Any a lphanumcr ica l information may be en te red in 
Column 1 to 80. 

IMAX = Number of radia l zones (mesh in t e rva l s ) . 

JMAX = Number of axial zones (mesh in t e rva l s ) . 

NOTE: (IMAX"*"̂ ) • (JMAX"*" )̂ < 700, 

INDEX = 1 Input Maximum number of cyc les (MCYCLE). 
= 2 Input Maximum dis tor t ion (DISTOM). 

NOTE: A cycle is defined as one complete calculat ion of the 
neutronic-hydrodynannic - reac t iv i ty feedback sequence . 

lOUTA = 0 No detai led fu l l -accuracy pr intout . 
= 1 Detailed fu l l -accuracy printout r eques t ed . 

ICYCLA 

INUMBA 

lOUTB 

ICYCLB 

lOTCRT 

ICYCLT 

IFLPWR 

IFLTHT 

IFLKT 

IFLVF 

= Frequency of this type of pr intout . 

= Total number of this type printout , 

= 0 No l im i t ed -accu racy display pr intout . 
= 1 Linni ted-accuracy display printout r eques t ed . 

= Frequency of this type of pr intout . 

= 0 No CRT plot, i . e . , l i nked-mesh point p i c t u r e s . 
= 1 CRT plot reques ted . 

= Frequency of this type printout . 

= 1 Input powen dens i t i e s at r e a c t o r c e n t e r l i n e s . 
= 2 Input power dens i t i e s pointwise. 

= 1 Input t e m p e r a t u r e s reg ionwise . 
= 2 Input t e m p e r a t u r e s pointwise. 
= 3 Input r e a c t o r average t e m p e r a t u r e (AVTEMP), 
= 4 Input t e m p e r a t u r e s pointwise for core reg ions and 

regionwise for blankets (or r e f l ec to r s ) . 
= 5 T e m p e r a t u r e s in co re regions a re propor t iona l to 

power dens i t ies and normal ized to the r e a c t o r a v e r ­
ages t e m p e r a t u r e ; t e m p e r a t u r e s in blankets a r e 
inputed reg ionwise . 

= 1 Input Equation of State index reg ionwise . 
= 2 Input Equation of State index pointwise. 
= 3 Input Equation of State index pointwise for c o r e 

reg ions and regionwise for b lanke t s . 

= 1 Input volume fract ions of r e a c t o r m a t e r i a l s 
reg ionwise . 

= 2 Input volume fract ions pointwise . 
= 3 Input volume fract ions pointwise for co re reg ions 

and reg ionwise for b lanke t s . 

* R e c o m m e n d e d v a l u e . 

* * U s i n g a s m a n y c a r d s a s n e e d e d . 
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C a r d No. F o r m a t 

(1216) 

P a r a m e t e r and Desc r ip t ion 

ISTEP2 = 1 Second-s tep ca lcula t ion r eques t ed . 
= 2 No s e c o n d - s t e p ca lcula t ion . 

NOTE: The s e c o n d - s t e p calcula t ion i s essent ia l ly a plot 
rou t ine . It s t o r e s data f rom the f i r s t - s t e p ca lcu la t ion , 
then plots these da ta , such as energy yield v e r s u s 
t ime , after the connpletion of the f i r s t - s t e p ca lcula t ion . 

I F L T M P 

I F L P R S 

N T M P P T 

NPRSPT 

KTVAPP 

= 1 T e m p e r a t u r e - v e r s u s - t i m e plot at a p a r t i c u l a r 
locat ion r eques t ed . 

/ 1 No t e m p e r a t u r e - v e r s u s - t i m e plot. 

= 1 P r e s s u r e - v e r s u s - t i m e plot at a pa r t i cu l a r locat ion 
reques ted . 

/ 1 No p r e s s u r e - v e r s u s - t i m e plot. 

= Number of locat ions of t e m p e r a t u r e - v e r s u s - t i m e plot 
r eques t ed . (NTMPPT = 1).* 

= Nunaber of locat ions of p r e s s u r e - v e r s u s - t i m e plot 
r eques t ed . (NPRSPT = 1).* 

= 1 Using MARS-type v a p o r - p r e s s u r e equation of s ta te 
(EOS3 and EOS4). 

= 2 Using Menzies v a p o r - p r e s s u r e equation of s ta te 
(EOSl) . 

= 3 Using BNWL v a p o r - p r e s s u r e equation of s ta te 
(EOS2). 

= 4 Using APDA equation of s tate (EOS5). 

NOTE: KTVAPP is used only if KT = 1. 

IFLC = 1 Initial d e l a y e d - n e u t r o n - p r e c u r s o r concen t ra t ions 
obtained from s t eady- s t a t e condi t ions . 

= 2 Initial d e l a y e d - n e u t r o n - p r e c u r s o r concen t ra t ions 
obtained to be r ead in. 

IFLXKF = 1 Initial reac t iv i ty - feedback coefficients ca lcula ted by 
SUBROUTINE ITERAT, i . e . . VENUS calcula t ion 
s t a r t s f rom the s t eady - s t a t e condit ion. 

= 2 Initial reac t iv i ty - feedback coefficients evaluated by 
input feedback r eac t i v i t i e s and co r respond ing t ime 
s teps of p r e d i s a s s e m b l y phase . (See C a r d No. 18), 
i . e . , VENUS calculat ion s t a r t s f rom the t r ans i en t 
condition. 

I F L 3 D P = 1 3-D plot, i . e . , t h r e e - d i m e n s i o n a l p r e s s u r e d i s t r i ­
bution, r eques ted . 

= 2 No 3-D plot. 

IFLDOP = 1 Volume-weighted, reg ionwise t e m p e r a t u r e is 
ca lcula ted . 

= 2 F u e l - m a s s - w e i g h t e d , reg ionwise t e m p e r a t u r e is 
ca lcula ted . 

5** (1216) ITMPPT(I) = Ith r ad i a l locat ion for t e m p e r a t u r e - v e r s u s - t i m e plot. 

JTMPPT( I ) = Ith axial locat ion for t e m p e r a t u r e - v e r s u s - t i m e plot, 

NOTE: {(ITMPPT(I), JTMPPT( I ) ) , 1 = 1 , N T M P P T ) . Delete 
this ca rd if I F L T M P / 1. 
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Card No. Fornnat P a r a m e t e r and Descr ip t ion 

6 (1216) IPRSPT(I) = Ith rad ia l locat ion for p r e s s u r e - v e r s u s - t i m e plot. 

JPRSPT(I) = Ith axial location for p r e s s u r e - v e r s u s - t i m e plot. 

NOTE: ( ( IPRSPT(I ) , JPRSPT(I ) ) , I = 1, NPRSPT) . Delete this 
ca rd if IFLPRS / 1. 

7 (6E12.5) VALUE = Maximum number of cyc les if INDEX = 1 
(VALUE = 500).* 

= Maximum dis tor t ion allowed if INDEX = Z 
(VALUE = 1000).* 

DELT = T i m e - s t e p s ize in s e c . 

DELTMX = Maximum t i m e - s t e p s ize in sec . 

DELTMN = Minimum t i m e - s t e p s ize in s e c . 

TSTOP = React ivi ty or inser t ion stops when t ime r e a c h e s 
TSTOP, in s e c . 

TMAX = Maximum allowed excurs ion t ime . 

8** (6E12.5) R(I,J) = Initial radi i in cm of the IMAX rad ia l zones f rom the 
cen te r of r e a c t o r (1 = 2) to the ou t e rmos t boundary 
(I = IMAX + 2) at a given height such as J = 2. 

NOTE: (R(I,2). I = 2, IMAX + 2). 

9** (6E12.5) Z(I,J) = Initial axial d i s tances of the JMAX axial zones f rom 
the bottom of r e a c t o r (J = 2) to the top (J = JMAX + 2) at 
a given rad ia l dis tance such as I = 2. 

NOTE: (Z(2,J) , j = 2, JMAX +2). 

10** (6E12.5) H(I,J) = Pointwise povjer dens i t i e s ; s t a r t at lower lef t-hand 
co rne r (2,2) of the input m e s h , p roceed rad ia l ly out­
ward up to the o u t e r m o s t boundary (IMAX + 2,2) then 
nnove up to the next level (1,3). Repeat the p rocedure 
as outlined above until upper r ight -hand c o r n e r of the 
input nnesh is r eached . 

NOTE: H(I,J) r e p r e s e n t s the power densi ty at the cen te r of 
zone (I,J) , which is bounded by r - c o o r d i n a t e s I and 
I + 1 and z -coord ina te s J and J + 1, ((H(I,J), 1 = 2, 
IMAX + 1),J = 2, JMAX + 1). Delete t h i s c a r d if 
IFLPWR / 2. 

11** (6E12.5) RADPSP(I) = Radial power dens i t ies at the midplane of co re height , 
s t a r t at cen te r of a r e a c t o r , p roceed radia l ly outward 
up to the o u t e r m o s t boundary. 

NOTE: RADPSP(I) r e p r e s e n t s the power densi ty at the m i d ­
point of r - c o o r d i n a t e s I and I + 1, {RADPSP(I), 1 = 2, 
IMAX + 2). Delete t h i s c a r d if IFLPWR / 1. 

12** (6E12.5) AXPSHP(J) = Axial power dens i t i e s at axial cen te r l ine f rom bot tom 
of r e a c t o r to top. 

NOTE: AXPSHP(J) r e p r e s e n t s the power densi ty a t the m i d ­
point of z - coo rd ina t e s J and J + 1, (AXPSHP(J) , J = 2, 
JMAX+ 2). Delete this c a r d if IFLPWR / 1. 
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Card No. F o r m a t 

13 (1216) NOREG 

NDELAY 

ISP(l) 

ISP(2) 

ISP(3) 

NOTE: 

14 (6E12.5) BETA(I) 

ALAM(I) 

C(I) 

NOTE: 

15 (6E12.5) DELKO 

AK 
BK •} 

NOTE: 

16 

EL 

XKLIM 

(6E12.5) PPSUP 

PZERO 

PFINAL 

RHOCRT 

SP(1) 

SP(2) 

NOTE: 

17 (6E12.5) E p s i 

EPS2 

EPS3 

EPS4 

SP(3) 

SP(4) 

P a r a m e t e r and Descr ip t ion 

Number of regions (^ZO). 

Number of delayed-neutron groups . (NDELAY = 6).* 

T i m e - s t e p number for f irstAT modification. 

T i m e - s t e p number for second LT modification. 

P a r a m e t e r s used in ANL EOS p r e s s u r e i te ra t ions 
a re to be overr idden. 

ISP(1} = 0. No tinne-step nnodification, and 
IPS(3) = 0. Default values a r e used for p r e s s u r e -
i terat ion p a r a m e t e r {SP(3) = 0.5) and p r e s s u r e -
convergency c r i t e r ion (SP(4) = 0.01). See 
card No. 17. 

Delayed-neutron fraction of Ith group. 

Decay constant ofI th de l ayed-neu t ron -p recu r so r 
group, l / s e c . 

P r e c u r s o r concentrat ion of Ith group; delete this in­
formation if IFLC = 1. 

Repeat the above information I tinnes, where 1 = 1 , 
NDELAY, and each time a new card is s ta r ted . 

Initial excess neutron nnultiplication factor . 

Coefficients of change in neutron multiplication factor . 

6ki* = DELKO + (AK)t + {BK)t^ 

Neutron lifetime in seconds. 

Lower l imit of effective neutron multiplication factor 
to terminate calculation. 

Upper l imit of r eac to r power in watts to te rminate 
calculation. 

Initial reac tor power in watts (PQ). 

Lower l imit of reac tor power in watts to te rminate 
calculation. 

Cr i t ica l fuel density in g/cm^. 

Set AT to S P ( 1 ) at cycle ISP( l ) . 

Set AT to S P ( 2 ) at cycle ISP(2). 

If ISP(l) = 0, Ignore SP(1) and SP(2). 

Convergence c r i t e r i a used in neutron k ine t ics . 

(EPSl = EPS2 = 0).* 

Power convergence c r i t e r i a . See Eqs . 43 and 44. 
(EPS3 = EPS4 = 0.05).* 

P r e s s u r e - i t e r a t i o n p a r a m e t e r used in ANL EOS. 

P r e s s u r e - c o n v e r g e n c y c r i t e r ion used in ANL EOS. 

If ISP(3) = 0. Ignore SP(3) and SP(4). 
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(6E12.5) 
TM(1) 
TM(2) 
TM(3) 

XKDIS(l) 
XKDIS(2) 
XKDIS(3) 

XKDOP(l) 
XKDOP(2) 
XKDOP(3) 

Parameter ar\d Description 

(TM(1) = -ATj)» 
Last three time steps in 
predisassembly phase. (TM(^) = -AT,)* 

(TM(3) = 0)* 

Feedback multiplication factor 
• change due to material motion cor­

responding to above time steps. 

Feedback multiplication factor 
• change due to Doppler broadening 

corresponding to above time steps. 

Figure B.l shows the procedure to obtain the above 
input data. Delete this card if IFLXKF = 1. 

(XKDIS(l) = kj)* 
(XKDIS(2) = k,)» 
(XKDIS(3) = 0)* 

(XKDOP(l) = k,)* 
(XKDOP(2) = kj)* 
(XKDOP(3) = 0)* 

•h PRE-DISASSEMBLr C A L C U L A T I O N S - - DISASSCMBLV C A L C U L A T I O H S -

T M I ! ) TMiS) 

Fig. B.l 

Procedure to Input Feed­
back Reactivities 

Card No. Format Parameter^and Description 

BEGINNING OF REGIONWISE INPUT 

19 (1216) I1(K) 
J1(K) 
I2(K) 
J2(K) 
n(K) 
J3(K) 
I4{K) 
J4(K) 

IRECKT{K) 

Coordinates of Kth region as shown in Fig. B.2. 

Regionwise equation of state index in Kth region. 
1 Vapor pressure expressions according to 

KTVAPP. 
2 Straton's equation of state. 
3 ANL equation of state. 
4 Blanket (or reflector) equation of state. 
5 BNWL—Sodium-out equation of state. 
6 liNWL--Incom[>rcssibl('-sodium equation of state. 
7 BNWL--Cunipressible-sodium equation of state. 

(1216) NRIN 

NZIN 

NR 

Number of radial zones of input mater ial reactivity 
worth ot Kth region (3 s NRIN s 26). 

Number of axial zones of input mater ia l reactivity 
worth of Kth region (3 ^ NZIN * 26). 

Number of radial zones used in VENUS calculation 
of Kth region (< 25). 
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—1-—r—t 

-—I—r 
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- _ - | 1 L 

Fig. B.2 

Arrangement of Regionwise Coordinates 

Card No. Format 

20 

26 

(1216) NZ 
(Contd.) (Contd.) 

21 {6E12.5) ZUP 

ZDN 

RINB 

ROUT 

22** (6E12.5) RIN(J) 

NOTE: 

23** (6E12.5) ZIN(I) 

NOTE: 

24** (6E12.5) WORTH(I,J) = 

(6E12.5) CPO(K) 
CPl(K) 
CP2(K) 

CP3(K) 
CP4(K) 
CP5(K) 

(6E12.5) PRA(K) 
PRB(K) 
PRC(K) 

P a r a m e t e r and Description 

Number of axial zones used in VENUS calculation of 
Kth region (« 25). 

Axial distance in cm from the bottom of a reac tor to 
the upper boundary of Kth region. 

Axial distance in cm from the bottom of a reac tor to 
the lower boundary of Kth region. 

Radial distance in cm from the center of a reac tor 
to the inner radius of Kth region. 

Radial distance in cm from the center of a reac tor 
to the outermost radius of Kth region. 

Radial distances in cm corresponding to the input 
mater ia l reactivity worth positions of Kth region. 

(RIN(I), ! = 1, NRIN). 

Axial distances in cm corresponding to the input 
mate r i a l reactivity worth positions of Kth region. 

(ZIN(I), 1 = 1 , NZIN). 

Pointwise mate r i a l reactivity worth distr ibution in 
Kth region; s ta r t at lower left co rner , proceed rad i ­
ally outward up to the outermost boundary of Kth 
region, then move to the next level up and s ta r t with 
a new card. Repeat the procedure until the upper 
right corner of this region is reached. 

NOTE: ((WORTH(I,J), J = 1, NRIN), I = 1, NZIN). 

Coefficients of specific heat of fuel below the m e l t ­
ing point used in Kth region. 

Coefficients of specific heat of fuel equal to or above 
the melting point used in Kth region. 

Coefficients of MARS-type equation of state used in 
Kth region. 
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Card No. Format 

26 (6E12.5) TMELT 
(Contd.) (Contd.) 

Pa rame te r and Description 

Melting tempera ture in "K of fuel 
(TMELT = 3070°K).** 

HFUSE{K) = Heat of fusion of fuel ( H F U S E = 2 8 0 - J . * 

TOTWO(K) = 

NOTE: 

(6E12.5) DOPLA(K) 
DOPLB(K) 
DOPLC(K) 
DOPLN(K) 

29 

3 0 * * 

WT(K) 

(6E12.5) RRHOU(K) 

RRHONA(K) = 

RRHOSS(K) = 

RVFU(K) 

RVFNA(K) 

RVFSS(K) 

NOTE: 

(6E12.5) TEMPNA(K) = 

TEMPSS(K) = 

REGTEM(K) = 

RHOREG(K) = 

EPSIIO(K) 

(3612) KT(I,J) 

Total mater ia l reactivity worth of Kth region. 

If other than MARS-type equation of state is used, 
then PRA(K) = PRB(K) = PRC(K) = 0. 

If TOTWO(K) / 0, the mater ia l reactivity worth of 
Kth region is normalized to the value of TOTWO(K). 

Coefficients associated with the reactivity-feedback 
calculations due to Doppler broadening. 

Statistical weighting factor for reactivity due to 
Doppler broadening in Kth region. 

If WT(K) = 0, WT(K) is calculated automatically by 
the code equal to the ratio of volume of Kth region to 
the total reactor volume. 

Regionwise density of fuel, such as UOg in g / c c . 

Regionwise density of sodium in g /cc . 

Regionwise density of s ta inless steel or equivalent 
in g /cc . 

Regionwise volume fraction of fuel such as UOj. 

Regionwise volume fraction of sodium. 
% 

Regionwise volume fraction of s ta inless steel 
(or equivalent). 
Delete this card if IFLVF = 2. 

Regionwise tempera ture of sodium in "K. This in­
formation provided only if ANL's energy-dens i ty-
dependent equation of state is employed. 

Regionwise tempera ture of s ta inless steel (or equiv­
alent) in *K providing ANL's energy-densi ty-
dependent equation of state is employed. 

Regionwise average temperature in K of Kth region. 

Regionwise average density in g/cc of Kth region. 

Fract ion of void space in Kth region, this infor­
mation is needed only for blankets or reflect ions. 

Pointwise equation of state index in Kth region. 

The input procedure is s imi lar for Card No. 24, i .e . , 
WORTH(I,J). Delete t h i s ca rd if IFLKT / 3 and 
IREGKT(K) / 0, ((KT(I.J), I = I1(K), I2(K) - 1), 
J = J1(K), J3(K) - 1). See descript ion tor IREGKT. 



Card No. Fo rma t P a r a m e t e r and Description 

31** (6E12.5) RHOU(I,J) Pointwise densit ies ot fuel such as UO2 in g/cc in 
Kth region. 

NOTE: ((RHOU(I,J), I = I1(K), I2(K) - 1), J = J1(K), J3(K) - 1). 

32** {6E12.5) RHONA(I,J) = 

NOTE: 

33** (6E12.5) RHOSS(I,J) = 

NOTE: 

34** (6E12.5) VFU(I,J) 

NOTE: 

35** (6E12.5) VFNA{I,J) 

NOTE: 

36** (6E12.5) VFSS(I,J) 

NOTE: 

NOTE: 

Pointwise density of sodimn in g/cc in Kth region. 

((RHONA(I,J), I = I1(K), I2(K) - 1), J = J{K), J3(K) - 1). 

Pointwise density of s tainless steel (or equivalent) in 
g/cc in Kth region. 

((RHOSS(I,J), I = I1(K), I2(K) - 1), J = J1(K), J3(K) - 1). 

Pointwise volume fractions of fuel such as UO2 in 
Kth region. 

((VFU(I,J), I = I1(K), I2(K) - 1), J = J1(K), J3(K) - 1). 

Pointwise volume fraction of sodium in Kth region. 

((VFNA(I,J), I = I1(K), I2(K) - 1), J = J1(K), J3(K) - 1). 

Pointwise volume fractions of s ta inless steel (or 
equivalent) in Kth region. 

((VFSS(I,J). I = I1(K), I2(K) - 1), J = J1(K), J3(K) - 1). 

The input procedure of Card No. 31-36 is s imilar to 
Card No. 24, i .e. , WORTH(I,J). Delete words 31-36 if 
IFLVF / 3 and RHPREC{K) / 0. 

37** (6E12.5) EA(K) 
EB(K) 
EC(K) 
ED(K) 
EE(K) 
EF(K) 
EG(K) 
EH(K) 
EI(K) 
EJ(K) 
EAA(K) 
EBB(K) 
ECC(K) 
EGG(K) 
EHH(K) 
EII(K) 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

42870* 
5968* 
4356* 
99.2* 
1271* 
163.4* 
-466* 
-10730* 
49740* 
-49830* 
55.455* 
-78847* 
-4.2808* 
0.666* 
-0.4811* 
2.4877 

Coefficients associated with equations of 
. state developed by BNWL. Delete these 

cards if other equations of state a re used. 

38** (3612) KT(I,J) 

END OF REGIONWISE INPUT 

= Pointwise equation of state index. 

JOTE: Delete this card if IFLKT / 2, ((KT(I,J), I = 2, 
IMAX + 1), J = 2, JMAX + 1). See description tor 
IREGKT. 

39*» (6E12.5) THETA(I,J) = 

NOTE: 

Pointwise tempera tures in "K. 

Delete this card if IFLTHT / 2 ((THETA(I,J), I = 2, 
IMAX + 1), J = 2 , JMAX + 1). 



65 

Card No. Format 

40** (6E12.5) RHOU(I,J) 

NOTE: 

41** (6E12.5) RHONAd.J) = 

NOTE; 

Pa rame te r and Description 

Pointwise densities of fuel such as UO2 in g / c c . 

((RHOU(I,J), I = 2, IMAX + 1). J = 2, JMAX + 1). 

Pointwise densities of sodium in g /cc . 

((RHONA(I,J), I = 2, IMAX + 1), J = 2, JMAX + 1). 

42** (6E12.5) RHOSS(I,J) Pointwise densities of stainless steel (or equivalent) in 
g / c m ' . 

NOTE: ((RHOSS(I,J), 1=2, IMAX + 1), J = 2, JMAX + 1). 

43** (6E12.5) VFU{I,J) 

NOTE: 

44** {6E12.5) VFNA(I,J) 

NOTE; 

45** (6E12.5) VFSS(I,J) 

NOTE 

NOTE 

46 (6E12.5) AVTEMP 

47** (6E12.5) THETA(I,J) = 

48** (6E12.5) EPMAX 
EVRMIN 
EVRMAX 
E M 

E V C 

ERHOST 
EALPH 
ETSTAR 
EPPRIM 
EBETAS 
EPSTAR 
EROMIN 
EROMAX 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

600* 
0.315* 
0.50* 
270* 
88.614* 
8.74' 
1.05 x 10 
3070* 
2000* 
3 X 10"'* 
1 X 10'* 
2.99* 
8.74* 

Pointwise volume fractions of fuel such as UOj. 

((VFU(I,J), I = 2, IMAX +2), J = 2. JMAX + 1). 

Pointwise volume fractions of sodium. 

((VFNA(I,J), I = 2. IMAX+ 1). J = 2, JMAX + 1). 

Pointwise volume fractions of s tainless steel or 
equivalent. 

((VFSS(I,J), I = 2, IMAX + 1), J = 2, JMAX + 1). 

The input procedure of Cards No. 38-45 is the same as 
Card 10, i .e . , H(I,J). Delete Cards 40-45 if I F L V F / 2. 

Average tennperature of reactor in K. Delete this card 
if IFLTHT / 3 or / 5. 

Pointwise tempera tures is "K for Kth region; the input 
procedure is the same as for Card 10, i .e . , H(I,J). 
Delete this card if IFLTHT / 4 and REGTEM / 0. 

Coefficients associated with equations 
of state developed by BNWL. Delete 
these cards if other equations of state 
are used. 
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APPENDIX C 

Sample Problems 

1. Typical Input 

A typical input for the VENUS connputer p rogram is shown in the 
following pages. 
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CARD . 1 0 . . 2 G . . 3 0 . . 4 0 . .id. . 6 0 . . 7 0 . . 6 0 

OCGl IFFTF VENUS • EQUATION OF STATE EQ. TO 7 

28 

0 9 » i 20 ±-

1 1 1 1 4 1 

16 

Hr 

0007 3 . 0 +02 2 . 0 - 3 6 5 . 0 - 0 6 1 .0 

0002 16 

0 0 0 * t -

0004 1 

COOS 2 

«ce6 ^ 

-w-

- 0 6 1 .0 *00 1.0 +00 

0008 

* 3 0 9 -

0 . S .455 

0010 7 0 . 8 0 . 

2 1 . 8 1 8 

5 4 . 5 4 S 

1 0 0 . no . 
0011 1 0 . 

0012 55.OB 

8 5 . 5 6 

— 6 0 . 1 6 

9 0 . 6 4 

121.12 

161r .4* 

1 .348 

1.220 

iOW 

.0C5 

. 8 5 0 

l i 2 4 a 

. 9 4 0 

2 0 . 

6 5 . 2 4 

3 0 . 4 0 . 

7 0 . 3 2 

100.80 

7 5 . 4 0 

1 0 5 . 8 8 

2 7 . 2 7 3 

6 0 i ~ 

5 0 . 

8 0 . 4 8 

1 1 0 . 9 6 0013 

0014 

0016 

0017 

0618 

0019 

0020 

4 0 2 1 -

0022 

9 5 . 7 2 

116 .04 

« 1 . 4 4 

1.365 

1.048 

.015^ 

.0C2 

.755 

1.215 

1.03C 

0023 . 015 

126.2C 

- t 7 t . 4 4 ^ 

1.310 

1.040 

.005-

131.28 

181.44 

1.260 

1 3 6 . 3 6 

1 9 1 . 4 4 

1 . 1 9 8 

. 8 4 2 

i « 0 2 -

. 6 3 0 

.010 . 0 1 5 . 0 2 0 

. 9 4 0 

- 1-. 2 4 * 

.650 

1.030 1.110 

1 .170 

. 7 5 5 . 6 9 0 

.010 . 0 0 5 . 0 0 2 

141 .44 

1 . 1 2 6 

. 0 2 0 

. 6 9 0 

1.170 

1.110 

. 0 2 0 

0025 

0U26 

-oort-

0028 

0029 

.coon 

.00084 

-iOOOti 

.00099 

.00031 

'.00011 

.0129 

.0311 

.3310 

1.26 

3.21 
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CARD 

0031 

0C32 

C033 

0034 

0C35 

0C36 

0C37 

0C38 

^C39 

0040 

0U41 

CC42 

fc043 

0044 

. 1 0 . 

0046 

0047 

0C48 

0049 

0 t 5 0 

"CCSl 

0052 

0053 

0054 

0055 

0056 

0057 

0058 

0059 

0C6C 

0C61 

JU&2 

ui.i63 

C.3571 -02 3 

1.0 t J t 1 

2 2 

8 6 

5 C . 

0 . 

3 2 . 7 2 7 

0 . 

. 1 C 8 2 E - 7 

. 0 7 6 3 E - 7 

. 1 4 8 4 E - 7 

. 1 1 6 2 E - 7 

. 1 6 7 D E - 7 

~ - ; t 3 C T E - 7 -

. 2 6 4 6 E - 7 

.2CI71E-7 

. 4 9 1 8 E - 7 

. 3 8 5 3 E - 7 

. 9 0 1 6 E - 7 

. 7 0 5 8 E - 7 

3 .884 - 0 1 

> . . . 2 0 30 4C 50 60 7 0 . 

.01 - 0 1 0 . 0 +00 3 .5 - 0 7 9 . 9 7 - 0 1 

. 8 0 

524 +12 1.524 +11 3.C +00 

5 .0 - 0 2 5 .0 "02 

9 2 2 7 9 7 4 

7 5 

C. " C . T 8 . 1 8 2 

5.455 l'J.909 16.364 21.818 

38.182 

to. - 20i -

27.273 

30̂ r fT. 5tn-

.1073E-7 .1041E-7 .0991E-7 .0922E-7 .0863E-7 

.0644E-7 

.1475E-7 .1443E-7 .1393^-7 .-1330E=T -.1Zen-T' 

.ia46E-7 

.1659E-7 .1624E-7 .1567E-7 .1496E-7 .1422E-7 

.1TT6E-7 

-1.619 -04 8.781 -08 .548 +00 

600. 

2 7 

8 19 

141.44 

C. 

32.727 

-C.4 -C2 

0.8 

600. 

3.04 +03 2.8 +02 

1.0 -0^ 

B.C 0.44 

600. 

0.46 

4.032 

9 - 7 ^ 25 9 25 

7 18 

5U. 0. 38.182 

5.455 lC.9r9 16.364 

36.182 

0 . 1 

2 1 . 8 1 8 TTTTTT 

5 0 . 

8 3 . 4 8 

5 5 . 0 8 6 0 . 1 6 6 5 . 2 4 7 0 . 3 2 7 5 . 4 0 

8 5 . 5 6 9 0 . 6 4 9 5 . 7 2 1 0 0 . 8 j 1 0 5 . 8 8 
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CARD .IJ. .30. .40. ,50. .63. .70. .80 

0064 

0065 

0066 

0u67 

00611 ~ 

0U69 

0070 

$071 

CuT2 

0073 

0074 

0075 

0u76 

0077 

0078 

0u79 

oosr 

0081 

ilb82 

•Jt83 

0u84 

0U85 

Ob 86 

0087 

0088 

0089 

0090 

0091 

0u92 

0093 

0094 

0095 

1 1 0 . 9 6 

1 4 1 . 4 4 

3 .2 IJ93E-7 

2 . 5 1 2 4 E - 7 

' " • 3 . 5 4 6 5 E - 7 " 

2 . 7 7 6 4 E - 7 

4 . 0 2 5 0 E - 7 

3 . 1 5 1 0 E - 7 

4 . 5 4 0 0 E - 7 

3 . 5 5 4 2 E - 7 

5 . 0 5 4 9 E - 7 

3 . 9 5 7 3 E - 7 

5 . 5 2 5 3 E - 7 

4 , 3 2 5 3 E - 7 

5 . 9 7 4 5 E - 7 

4 . 6 7 7 2 E - 7 

6 .325CE-7 

4 . 9 5 1 6 E - 7 

6 . 5 5 1 0 E - 7 

5 . 1 2 8 5 E - 7 

6 .6 t iO0E-7 

5 . 1 6 6 9 E - 7 

6 . 5 5 1 0 E - 7 

5 . 1 2 8 5 E - 7 

6 . 3 2 5 0 E - 7 

4 . 9 5 1 6 E - 7 

5 . 9 7 4 5 E - 7 

4 . 6 7 7 2 E - 7 

5 . 5 2 5 3 E - 7 

4 . 3 2 5 3 E - 7 

5 . P 5 4 9 E - 7 

3 . 9 5 7 3 E - 7 

1 1 6 . 3 4 

3 . 1 9 0 1 E - 7 

2 . 2 6 1 4 E - 7 

3 . 5 2 5 2 E - 7 

2 .499 '3E-7 

4.CI009E-7 

2 . 8 3 6 3 E - 7 

4 . 5 i 2 8 E - 7 

3 . 1 9 9 2 E - 7 

5 .D246E-7 

3 . 5 6 2 ) E - 7 

5 . 4 9 1 9 E - 7 

3 . 8 9 3 3 E - 7 

5 . 9 3 8 7 E - 7 

4 . 2 1 0 0 E - 7 

6 . 2 8 7 1 E - 7 

4 . 4 5 7 0 E - 7 

6 . 5 1 1 7 E - 7 

4 . 6 1 6 2 E - 7 

6 . 5 6 0 4 E - 7 

4 . 6 5 0 8 E - 7 

6 . 5 1 1 7 E - 7 

4 . 6 1 6 2 E - 7 

6 . 2 8 7 1 E - 7 

4 . 4 5 7 0 E - 7 

5 . 9 3 8 7 E - 7 

4 . 2 1 0 0 E - 7 

5 . 4 9 1 9 E - 7 

3 . 8 9 3 3 E - 7 

5 . 3 2 4 6 E - 7 

3 . 5 6 2 J E - 7 

121.12 126.20 131.26 136.36 

3.1214E-7 3.0118E-7 2.8758E-7 2.7343E-7 

3.4493E-7 3.3283E-7 3.1780E-7 3.0215E-7 

3.9148E-7 3.7774E-7 3.6068E-7 3.4293E-7 

4.4157E-7 4.2607E-7 4.0683E-7 3.8680E-7 

4.9164E-7 4.7439E-7 4.5797E-7 4.3067E-7 

5.3737E-7 5.1851E-7 4.9510E-7 4.7073E-7 

5.8109E-7 5.6069E-7 5.3538E-7 5.0902E-T 

6.1518E-7 5.9359E-7 5.6679E-7 5,3889E-7 

6.3716E-7 6.1478E-7 5.8704E-7 5.5814E-7 

6.4193E-7 6.1940E-7 5.9143E-7 5.6232E-7 

6.3716E-7 6.1478E-7 5.8704E-7 5.5814E-7 

6.1518E-7 5.9359E-7 5.6679E-7 5.3e89E-7 

5.8109E-7 5.6069E-7 5.3538E-7 5.a902E-7 

5.3737E-7 5.1851E-7 4.9510E-7 4.7073E-7 

4.9164E-7 4.7439E-7 4.5797E-7 4.306TE-T 
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CARD 

0096 

0097 

0C98 

0099 

0100 

blOl 

0102 

ait-3 

01C4 

0105 

0106 

0107 

0108 

0i09 

0110 

0111 

0112 

0113 

0114 

ullS 

0116 

0117 

0118 

0119 

0120 

0121 

0122 

0123 

'J 124 

0125 

0126 

4, 

3, 

4. 

3, 

3. 

2 

3 

2 

3 

.5403E-7 

,5542E-7 

.0253E-7 

.1513E-7 

.5465E-7 

.7764E-7 

.2093E-7 

.5124E-7 

.884 -01 

8.74 

1200. 

42870. 

-466. 

-4.2808 

2 25 

8 6 

191.44 

0. 

32.727 

141.44 

.9015E-7 

.7C58E-7 

.4918E-7 

.385DE-7 

.2646E-7 

.2071E-7 

.1670E-7 

.1307E-7 

.1484E-7 

4.5128E-7 

3.1992E-7 

4.0009E-7 

2.8363E-7 

3.5252E-7 

2.4990E-7 

3.1900E-7 

2.2614E-7 

-1.619 -04 

-0.4 -02 

0.8 

129P. 

5966. 

-10730. 

.666 

9 25 

7 5 

141.44 

5.455 

38.182 

151.44 

.8962E-7 

.6353E-7 

.4e68E-7 

.3465E-7 

.263JE-7 

.1865E-7 

.1659E-7 

.1176E-7 

.1475E-7 

4.4157E-7 

3.9148E-7 

3.4493E-7 

3.1214E-7 

8.781 -08 

8.0 

4356. 

4974C. 

.04811 

2 30 

0. 

10.909 

161.44 

.8769E-7 

.4783E-7 

.2574E-7 

.1624E-7 

.1443E-7 

4 

3 

3 

3 

• 
3 

.26D7E-7 

.7774E-7 

.3263E-7 

.0118E-7 

546 +00 

.04 +03 

.37 

5.498 

99.2 

-49830. 

2.4877 

9 30 

38.182 

16.364 

171.44 

.8461E-7 

.4615E-7 

.2483E-7 

.1567E-7 

.1393E-7 

4.0683E-7 

3.6068E-7 

3.1780E-7 

2.8758E-7 

2.6 +02 

0.3 +00 

.33 

1271. 

55.455 

4 

21.818 

181.44 

.8079E-7 

.4407E-7 

.2371E-7 

.1496E-7 

.1330E-7 

3.8680E-7 

3.4293E-7 

3.D215E-7 

2.7343E-7 

.25 

163.4 

-76847. 

27.273 

191.44 

.7682E-7 

.4190E-7 

.2254E-7 

.1422E-7 

.1264E-7 

80 
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0127 

U126 

0i29 

3130 

0131 

0132 

0133 

0134 

0135 

0136 

0137 

0138 

0139 

Oi.40 

0141 

3142 

0143 

0144 

0145 

0146 

0147 

0146 

0149 

OlSO 

0151 

0152 

0153 

0154 

Ol55 

0156 

0157 

0158 

.1162E-7 

.l.)B2E-7 

.0760E-7 

3.884 -01 

600. 

9 2 

5 6 

50. 

38.182 

0. 

.14J5E-7 

.l8u7E-7 

.2033E-7 

.3222E-7 

.5969E-7 

l.j9a0E-7 

3.884 -01 

600. 

9 7 

5 19 

141.44 

38.182 

SO. 

8).48 

111.96 

141.44 

.1C46E-7 

.1C73E-7 

.0644E-7 

-1.619 -U4 

-3.4 -J2 

3.8 

630. 

13 2 

4 5 

0. 

43.636 

lu. 

.12C4E-7 

.16C6E-7 

.1807E-7 

.2864E-7 

.5323E-7 

.9763E-7 

-1.619 -04 

-0.4 -02 

0.6 

600 

13 7 

4 18 

50. 

43.636 

55.C6 

65.56 

116.J4 

.1041E-7 

8.761 -08 

6.0 

600. 

9 7 

38.182 

49.091 

2C. 

.0979E-7 

.1381E-7 

.1553E-7 

.2462E-7 

.4575E-7 

.8388E-7 

8.781 -08 

6.0 

600. 

9 25 

38.182 

49.091 

60.16 

90.64 

121.12 

.0991E-7 

.548 +00 

3.04 +03 

4.032 

13 7 

60. 

54.545 

30. 

.0757E-7 

.1158E-7 

.1333E-7 

.2066E-7 

.3839E-7 

.7036E-7 

.548 +00 

3.04 +03 

4.032 

13 25 

60. 

54.545 

65.24 

95.72 

126.20 

.0922E-7 

2.8 +02 

1.0 -09 

0.44 

0.1 

4 

6C. 

40. 

.6299E-8 

.9412E-8 

.1059E-7 

.1678E-7 

.3119E-7 

.5718E-7 

2.8 +02 

1.0 -09 

0.44 

0.1 

7 

60. 

70.32 

100.80 

131.28 

.0863E-7 

0.46 

SO. 

Q.46 

75.40 

105.88 

136.36 
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CARD .20. .33. .40. .50. .70. .80 

0159 

0160 

0161 

0162 

Ui.63 

C)164 

0165 

Ol66 

0167 

P166 

0169 

0170 

0171 

0172 

0173 

0l74 

0175 

0176 

0177 

0178 

0179 

'Jl8C 

0181 

0182 

0163 

0184 

1185 

0186 

3187 

0186 

0l89 

3.9f.64E-7 

4.3191E-7 

4.9019E-7 

5.5^91E-7 

6.1561E-7 

6.7287E-7 

7.2761E-7 

7.7U33E-7 

7.9782E-7 

8.0379E-7 

7.9782E-7 

7.7033E-7 

7.2761E-7 

6.7287E-7 

6.1561E-7 

5.5291E-7 

4.9019E-7 

4.3191E-7 

3,9„84E-7 

3.884 -01 

8.74 

1200. 

42870. 

-456. 

-4.2808 

9 25 

5 6 

191.44 

38.162 

3.4741E-7 

3.8391E-7 

4.3571E-7 

4.9146E-7 

5.4720E-7 

5.9809E-7 

6.4675E-7 

6.8469E-7 

7.0916E-7 

7.1446E-7 

7.0916E-7 

6.8469E-7 

6.4675E-7 

5.9609E-7 

5.4723E-7 

4.9146E-7 

4.3571E-7 

3.8391E-7 

3.4741E-7 

-1.619 -04 

-3.4 -02 

3.6 

1200. 

5968. 

-1C73C. 

.666 

13 25 

4 5 

141.44 

43.636 

2.9658E-7 

3.2995E-7 

3.7447E-7 

4.2238E-7 

4.7028E-7 

5.1403E-7 

5.5585E-7 

5.8845E-7 

6.0948E-7 

6.1404E-7 

6.0946E-7 

5.8845E-7 

5.5585E-7 

5.1403E-7 

4.7028E-7 

4.2238E-7 

3.7447E-7 

3.2995E-7 

2.985eE-7 

8.781 -08 

8.0 

4356. 

49740. 

.£4811 

9 30 

38.182 

49.091 

2.5052E-7 

2.7684E-7 

3.1420E-7 

3.5440E-7 

3.9459E-7 

4.3129E-7 

4.6636E-7 

4.9374E-7 

5.1138E-7 

5.1521E-7 

5.1138E-7 

4.9374E-7 

4.6638E-7 

4.3129E-7 

3.9459E-7 

3.5440E-7 

3.1420E-7 

2.7684E-7 

2.5052E-7 

.546 +00 

3.04 +03 

.37 

5.498 

99.2 

-49630. 

2.4877 

13 30 

60. 

54.545 

2.0353E-7 

2.2492E-7 

2.5527E-7 

2.8793E-7 

3.2058E-7 

3.5040E-7 

3.7891E-7 

4.0113E-7 

4.1547E-7 

4.1858E-7 

4.1547E-7 

4.0113E-7 

3.7891E-7 

3.5040E-7 

3.2058E-7 

2.8793E-7 

2.5527E-7 

2.2492E-7 

2.3353E-7 

2.8 +02 

0.2 +00 

.33 

1271. 

55.455 

4 

60. 

.25 

163.4 

-78847. 
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CARD .IJ. .20. .30. .40. .50. .60. .70. .80 

0190 

0191 

0192 

0193 

0194 

0195 

0196 

0197 

3198 

0199 

0200 

0201 

02U2 

0203 

3204 

0205 

0206 

0207 

0208 

C209 

0210 

0211 

0212 

0213 

0214 

0215 

0216 

0217 

0218 

0219 

0220 

0221 

141.44 

1.0983E-7 

.5989E-7 

.3222E-7 

.2033E-7 

.18C7E-7 

.1405E-7 

3.684 -CI 

600. 

13 2 

6 6 

SC. 

6C. 

C. 

.2876E-8 

.4.81E-8 

.4591E-8 

.7277E-6 

.1352E-7 

.248JE-7 

3.884 -01 

600. 

13 7 

6 19 

141.44 

60. 

151.44 

.9760E-7 

.5323E-7 

.2864E-7 

;i607E-7 

.1606E-7 

.12f 4E-7 

-1.619 -04 

-0.4 -02 

0.8 

600. 

18 2 

5 5 

0. 

70. 

10. 

.0275E-6 

.1477E-8 

•1662E-8 

.2634E-8 

.4696E-8 

.8976E-8 

-1.619 -04 

-0.4 -t2 

0.8 

600. 

16 7 

5 18 

SO. 

70. 

161.44 

.6388E-7 

.4575E-7 

•2462E-7 

.1553E-7 

.1361E-7 

.0979E-7 

8.781 -08 

8.0 

60u. 

13 7 

60. 

80. 

20. 

.5074E-9 

.6282E-9 

.7U68E-9 

.1120E-8 

.20e2E-8 

.3617E-6 

8.781 -08 

8.0 

60C. 

13 25 

60. 

80. 

171.44 

.7038E-7 

.3839E-7 

.2C66E-7 

.1303E-7 

.1158E-7 

.0757E-7 

.546 +00 

3.04 +03 

4.032 

16 7 

no. 
90. 

30. 

.1693E-9 

.3097E-9 

.3484E-9 

.5523E-9 

.1026E-8 

.18e2E-8 

.546 +00 

3.04 +03 

5.152 

18 25 

no. 
90. 

181.44 

.5718E-7 

.3n9E-7 

.1678E-7 

.1059E-7 

.9412E-8 

.6299E-8 

2.8 +02 

1.0 -09 

0.44 

0.1 

4 

100. 

40. 

.1274E-9 

.2478E-9 

.2788E-9 

.4418E-9 

.62nE-9 

.150SE-8 

2.8 +02 

1.0 -09 

0.34 

0.05 

4 

100. 

191.44 

0.46 

no. 
so. 

.1270E-9 

.2473E-9 

.27e3E-9 

.4410E-9 

.8196E-9 

.1503E-8 

0.61 

no. 



74 

CARD . 1 3 . . 20 . . 30 . . 53 . . 63 . . 70 . .60 

0222 

0223 

0224 

0225 

0226 

0227 

0228 

0229 

0230 

0231 

0232 

C233 

0234 

0235 

3236 

0237 

0238 

0239 

024C 

0241 

0242 

0243 

0244 

3245 

0246 

0247 

0248 

0249 

u260 

ri25i 

0252 

50. 

60.48 

113.96 

141.44 

.6826E-7 

.9753E-7 

1.10I69E-7 

1.2466E-7 

1.39C2E-7 

1.5195E-7 

1.6431E-7 

1.7395E-7 

1.8 i l6E-7 

1.6151E-7 

1.8C16E-7 

1.7395E-7 

1.6431E-7 

1.5195E-7 

1.3902E-7 

1.2486E-7 

1.1069E-7 

.9753E-7 

.8626E-7 

3 .684 -CI 

55.08 60.16 

65.56 90.64 

116.04 121 .12 

65.24 70.32 

95.72 100.80 

126 .20 131 .26 

.3195E-7 

.3531E-7 

.4007E-7 

.4523E-7 

.5032E-7 

.5503E-7 

.5948E-7 

.6297E-7 

.6522E-7 

.6571E-7 

.6522E-7 

.6297E-7 

.5948E-7 

.5503E-7 

.5C32E-7 

.4520E-7 

.4007E-7 

.3531E-7 

.3195E-7 

-1.619 -04 

.1359E-7 

.1501E-7 

.17i/4E-7 

.1922E-7 

.2140E-7 

.2339E-7 

.2529E-7 

.2678E-7 

.2773E-7 

.2794E-7 

.2773E-7 

.2678E-7 

.2529E-7 

.2339E-7 

.2140E-7 

.1922E-7 

.1704E-7 

.1501E-7 

.1359E-7 

8.781 -08 

600. 

13 25 

6 6 

191 .44 

-3.4 -02 

3.8 8.0 

600. 630. 

18 25 13 30 

5 5 

141 .44 6 0 . 

.6698E-8 

.7402E-8 

.8431E-8 

.9476E-6 

.1055E-7 

.1153E-7 

.1247E-7 

.1320E-7 

.1367E-7 

.1376E-7 

.1367E-7 

.1320E-7 

.1247E-7 

.1153E-7 

.1055E-7 

.9476E-6 

.8401E-6 

.7402E-8 

.6698E-8 

.548 +00 

3.04 +03 

5.152 

18 30 

.5358E-8 

.5921E-8 

.6721E-8 

.7580E-8 

.8440E-8 

.9225E-8 

.9976E-6 

.1056E-7 

.1094E-7 

.1102E-7 

.1094E-7 

.1056E-7 

.9976E-8 

.9225E-8 

.6440E-8 

.7560E-8 

.6721E-6 

.5921E-6 

.5358E-6 

2.8 +02 

1.3 -09 

0.34 

0.05 

4 

75.40 

105.88 

136.36 

.5349E-8 

.5911E-8 

.6708E-6 

.7557E-8 

.8425E-8 

.9208E-8 

.9958E-8 

.1054E-7 

.1092E-7 

.l lOOE-7 

.1092E-7 

.1054E-7 

.9958E-8 

.92C8E-8 

.8425E-8 

.7567E-8 

.6708E-6 

. 5 9 n E - 6 

.5349E-8 

0.61 

1 1 0 . 



75 

3253 

0254 

•iZ5S 

0256 

0257 

0256 

0259 

w260 

0261 

0262 

3263 

0264 

0265 

0266 

0267 

0268 

0269 

3270 

3271 

0272 

0273 

0274 

0275 

0276 

3277 

3278 

0279 

0280 

0281 

0262 

0283 

0264 

6C. 

141.44 

.2480E-7 

.1352E-7 

.7277E-8 

.4591E-8 

.4^8VE-8 

.2876E-8 

3.884 -01 

600. 
5 

2.79833003 
5 

2.471143:3 
5 

2.63284003 
5 

2.93263003 
5 

3.;1695003 
5 

3.17446003 
5 

3.33663003 
5 

3.57079003 
5 

3.085430C3 
5 

3.13:63003 
5 

3.39863O03 
5 

3.40988003 
5 

3.67^66003 
5 

3.55935003 
5 

3.47682003 
5 

3.36524003 
5 

3.028620C3 
5 

3.U3616003 
5 

2.985450C3 

70. 

151.44 

.8976E-8 

.4e96E-6 

.2634E-6 

.1662E-8 

.1477E-8 

.0275E-6 

-1.619 -04 

-3.4 -02 

0.6 

603. 
5 

2.76480003 
5 

2.92916003 
5 

2.63284303 
5 

2.78084003 
5 

3.01695003 
5 

3.06434003 
5 

3.33663003 
5 

3.49547003 
5 

3.71016003 
5 

3.13U63303 
5 

3.16866003 
5 

3.40986003 
5 

3.36920003 
5 

3.55935003 
5 

3.43655003 
5 

3.294920C3 
5 

3.02862003 
5 

2.97678003 
5 

2.98545003 

80. 

161.44 

.3817E-8 

.2D82E-8 

.1120E-6 

.7068E-9 

.6262E-9 

.5074E-9 

8.781 -08 

8.0 

600. 
5 

2.76463003 
5 

2.90139003 
5 

3.02523003 
5 

2.76084003 
5 

2.92758003 
5 

3.06434003 
5 

3.14637003 
5 

3.49547003 
5 

3.63205003 
5 

3.79452003 
5 

3.16866003 
5 

3.17557003 
5 

3.36929003 
5 

3.29046003 
5 

3.40655003 
5 

3.24256003 
5 

3.13703003 
5 

2.97678003 
5 

2.87252003 

90. 

171.44 

.1662E-8 

.1026E-8 

.5523E-9 

.3484E-9 

.3097E-9 

.1893E-9 

.548 +00 

3.04 +03 

5.152 
5 

2.62460003 
5 

2.90139003 
5 

3.01579903 
5 

3.08262003 
5 

2.92758003 
5 

3.31187003 
5 

3.14637033 
5 

3.24418003 
5 

3.63205003 
5 

3.71451003 
5 

3.60803003 
5 

3.17557003 
5 

3.15086003 
5 

3.29046003 
5 

3.19362003 
5 

3.24256003 
5 

3.10658003 
5 

3.05221003 
5 

2.87252003 

100. 

181.44 

.1505E-8 

.6211E-9 

.4418E-9 

.2786E-9 

.2478E-9 

.1274E-9 

2.8 +02 

1.0 -09 

0.34 

0.05 
5 

2.62460003 
5 

2.76098003 
5 

3.01579003 
5 

3.06495003 
5 

3.21095003 
5 

3.01187003 
5 

3.04911003 
5 

3.24416003 
5 

3.34056003 
5 

3.71451003 
5 

3.72743003 
5 

3.74953003 
5 

3.15086003 
S 

3.10738003 
5 

3.19362003 
5 

3.09759003 
5 

3.10858003 
5 

3.03936003 
5 

2.99087003 

no. 

191.44 

.1503E-8 

.8196E-9 

.4410E-9 

.2783E-9 

.2473E-9 

.1270E-9 

0.61 

5 
2.47114003 

5 
2.76098003 

5 
2.93283003 

5 
3.06495003 

5 
3.17446003 

5 
3.39104003 

5 
3.04911003 

5 
3.08S40003 

5 
3.340S6003 

5 
3.39863003 

5 
3.72743003 

5 
3.67066003 

5 
3.63397003 

5 
3.10736003 

5 
3.06524003 

5 
3.09759003 

S 
3.03818003 

5 
3.03936003 

5 
2.97412003 
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CARD . 1 0 . . 2 0 . . 4 0 . . . . 5 0 . . 7 0 . . 8 0 

0285 

0286 

0287 

0288 

0269 

0290 

0291 

0292 

0293 

0294 

0295 

0296 

0297 

0298 

0299 

030P 

0301 

2.974120C3 
5 

2.86233003 
5 

2.53931303 
5 

2.06572003 
5 

2.97687003 
5 

2.48344003 
5 

3.139550C3 
5 

2.735HCC3 
5 

3.26357003 
5 

2.75442003 
5 

3.15857003 
5 

2.54275003 
5 

2.92757003 
5 

2.168C9003 

600. 

1.05-04 

8.74 
0033 BAD CARDS. 

2.86515003 
5 

2.88233003 
5 

2.53931033 
5 

2.36572003 
5 

2.97587003 
5 

2.46344003 
5 

3.13955003 
5 

2.73511003 
5 

3.25357003 
5 

2.75442303 
5 

3.15857003 
5 

2.54275033 
5 

2.92757003 
5 

2.15809003 

.315 

3040. 

2.865150C3 
5 

2.74397003 
5 

1.95472003 
5 

2.85359003 
5 

2.35415003 
5 

3.07673003 
5 

2.674230C3 
5 

3.25466003 
5 

2.77752003 
5 

3.17114003 
5 

2.63922033 
5 

3.C0981903 
5 

2.30555003 
5 

2.65469033 

.500 

2900.. 

2.71222003 
5 

2.74397003 
5 

1.95472003 
5 

2.65359003 
5 

2.35416003 
5 

3.07673003 
5 

2.67423003 
5 

3.25456003 
5 

2.77752003 
5 

3.17114003 
5 

2.63922003 
5 

3.00981003 
5 

2.30555003 
5 

2.55469003 

270. 

3.-05 

2.71222003 
5 

2.59532033 
5 

2.67252003 
5 

2.21791003 
5 

3.03349003 
5 

2.59319003 
5 

3.20533003 
5 

2.771150C3 
5 

3.22701003 
5 

2.70681003 
5 

3.05150003 
5 

2.42754003 
5 

2.77444003 
5 

2.07016093 

66.614 

1.+05 

2.91081003 
5 

2.59532003 
5 

2.57262003 
5 

2.21791003 
5 

3.03349003 
5 

2.59319003 
5 

3.20533003 
5 

2.77115003 
5 

3.22701003 
5 

2.7C681003 
5 

3.05150003 
5 

2.42754003 
5 

2.77444003 
5 

2.07016003 

8.74 

2.99 



7? 

2. Typical Output 

Because of the physical limitations of this report, it is not possible 
to present a complete set of VENUS output. Some of the results a re dis­
played in the computer printout on the following pages, including 
Figs. C.1-C.5, 



INPUT MATERIAL WORTH FOR REGION 1 

0.106200-07 0.107300-07 0.104100-07 0.99100D-08 0.922(100-08 0.85300D-08 
0.760C0C-Ce 0.644C0D-08 ' ' " 
0.1484CC-07 0.147500-07 0.144300-07 0.139300-07 0.133000-07 0.125400-07 
0.116;CD-C7 0.1C460D-C7 
0.16700C-07 0. 16590D-07 O.I6240D-07 C.1567CD-C7 0.14960D-07 0". 142200-07 
C.13070C-07 0.11760D-07 
0 . 2 6 4 t C D - C 7 C.263CCD-07 0 . 2 5 7 4 0 D - 0 7 C.24830D-07 0 . 2 3 7 1 0 0 - 0 7 0 . 2 2 5 4 0 0 - 0 7 
0.20710C-07 0.18550D-C7 
0 . 4 9 1 6 0 0 - 0 7 0 . 4 6 8 8 0 0 - 0 7 0 . 4 7 8 3 0 D - 0 7 0 . 4 6 1 5 0 0 - 0 7 0 . 4 4 0 7 0 0 - 0 7 0 . 4 1 9 0 0 0 - 0 7 
0.385CCD-C7 0.3455CD-07 
0.901600-07 0.89620D-07 0.875900-07 0.846100-07 0.8Q790D-07 0.768200-07 
0.705800-07 0.63530D-07 

R LATTICE (CM) 

C O 0 . 5 4 5 5 0 01 0 . 1 0 9 1 0 02 0 . 1 6 3 6 0 02 0 . 2 1 8 2 0 02 0 . 2 7 2 7 0 02 0 . 3 2 7 3 0 02 0 . 3 8 1 8 0 02 

I L A T T I C E ( C M ) 

0 . 1 0 0 0 0 02 0 . 2 0 0 0 0 02 0 . 3 0 0 0 0 02 0 . 4 0 0 0 0 02 O.SOOOD 02 

INPL1 riATERUL MCRTH FOR REGICN 2 

0.220S3C-C6 C.319000-05 0.312140-C6 0 .301180-05 C.287560-06 0 .273430-05 
0 . 2 5 1 2 4 0 - 0 5 0 . 2 2 6 1 4 0 - 0 6 
0 . 3 5 4 t « O - C t C . 3 5 2 5 2 0 - 0 6 0 . 3 4 4 9 3 0 - 0 6 C.332B3D-06 0 . 3 1 7 6 0 0 - 0 6 0 . 3 0 2 1 5 0 - 0 6 
0.27764C-06 0.249900-06 
0.4C25CD-05 0 . 4 0 0 0 9 0 - 0 6 0 . 3 9 1 4 6 0 - 0 6 0 . 3 7 7 7 4 C - 0 6 0 . 3 6 0 6 8 0 - 0 6 0 . 3 4 2 9 3 0 - 0 6 
0.315100-Ot 0.263530-05 
0.454C0C-06 A-A51280-06 0.441570-06 0.425070-05 C.405830-06 0.385800-05 
0.355420-06 0.319920-06 
0.50549C-C5 C.50246D-06 0.491640-C6 C.47439D-06 0.457970-06 0.430670-06 
0.39573D-05 0.35620D-06 
0.552500-06 C.549190-05 0.537370-06 0.51851C-05 0.495100-05 0.470730-05 
0.432530-06 0.389330-05 
C.597450-06 0.593870-06 0.581090-06 0.55059C-06 0.535380-06 0.509020-06 
0.46772D-06 0.421000-06 
0 . 6 3 2 5 0 C - 0 5 0 . 5 2 8 7 1 D - 0 6 0 . 6 1 5 1 8 0 - 0 6 C . 5 9 3 5 9 0 - 0 6 0 . 5 5 5 7 9 0 - 0 5 0 . 5 3 8 8 9 0 - 0 6 
0 .495 160-06 0 . 4 4 5 7 0 0 - 0 6 
0 . 6 5 5 1 0 0 - 0 6 0 . 6 5 1 1 7 0 - 0 6 0 . 6 3 7 1 6 0 - 0 6 C .61478D-06 0 . 5 8 7 0 4 0 - 0 5 0 . 5 5 8 1 4 0 - 0 6 
0 . 5 1 2 8 5 D - 0 6 0 . 4 6 1 6 2 0 - 0 5 
0.660COD-C6 C . 6 5 6 0 4 0 - 0 5 0.54^L93p-06^0j ,_61940D-06 0 . 5 9 1 4 3 0 - 0 5 0 . 5 6 2 3 2 0 - 0 5 
0.516690-06 0.455080-05 
C.555100-06 0.651170-06 0.53716D-06 0.51478C-C5 C.587040-06 0.558140-06 



0.51285D-Ot C.451620-05 
0.632500-06 0.628710-06" 0.615160-06 C.593590-06 0.566790-06 0.538890-05 
0.495160-06 0.4457CD-06 
0.597450-06 0.5';387D-06 0.581090-06 C.560690-05 0.535380-05 0.509020-06 
0.467720-06 0.421000-06 
0.5525CD-06 C.54'il90-C6 0.537370-05 0.518510-06 0.495100-06 0.470730-05 
0.43253C-Ot 0.389330-06 C.505490-06 0.502460-06 0.491640-06 0.47435C-06 0.457970-06 0.430670-05 
O.39573D-06 0.355200-06 
O.4540OC-06 0.451280-05 0.441570-06 C.426070-06 0.406830-06 0.386B0O-C5— 
0.355120-06 0.319920-05 
0.402500-06 0.4CCC9D-06 0.29146O-C6 0.377740-06 0.350680-06 0.342930-06. 
0.315100-06 0.283630-06 
0.354650-Ot 0.352520-05 0.344930-05 0.33283C-05 0.317800-05 0.302150-05 
0.277640-06 0.249900-06 
C.32C53C-06 0.319000-06 0.312140-06 C.301180-05 0.287580-05 0.273430-05 _ 
0.251240-04 C.226140-06 

R LATTICE (CM» 

0.0 0.54550 01 0.10910 02 0.16350 02 0.21820 02 0.27270 02 0.32730 02 0.381SD 02 

I LATTICE (CMI 

C 50CCO 02 0.550a0_02 0.5_0160_0_2_C.._65240 02 0.70320 02 0.7540D 02__0^80AaO,J1.2_0.85560 0^ 0̂ 90_5AD-0-2_J1..9572n OZ 
"oTTooso^bFo. 10590 03 o.iiibb 03 o.ii6ob 03 0.12110 03 0.12520 03 0.13130 03 0.13540 03 O.I414D 03 

INPUTMATERIAL WORTH FOR REGION 3 

0.901600-07 g.e 9 52 CP_r_0 7_ 0.876900-07 0.845100-07 0_.8gl9ap-07 0.7682fiO-07 
0.705600-07 0.635300-07 
0.491800-07 0.46880C-07 0.476300-07 0.461500-07 0.440700-07 0.419000-07 
0.385000-0 7_C..34_6.5_CDr_C7_- _ __ 
^7254500-07 0.263000-07 0.257400-07 0.248300-07 0.237100-07 0.225400-07 
0.20710D-O7 0.185500-07 
JI._16i(LCfir07_i._16.59OD-07 _(1JU162400-CJ_CJ-1^7CJ-Q7 0.14950D-Q7 0.1422QD-07 
0.130700-07 0.117500-07 
0.14840D-07 0.147500-07 0.144300-07 0.13930C-07 0.133000-07 0.125400-07 
0.11520D-07 a.JO4̂ 1.00-07 
0.108200-07 0.107300-07 0.104100-07 0.991000-08 0.922000-08 0.653000-08 
0,750000-06 0.644000-08 

_OjJL 

R L A T T I C E I C M l 

0.54550 _aj^,Oj_109_lD_02-JL.163AC_a7 n.71H7D 02 0 .27270 02 0.3273Jl_O2 0^ 

http://07_i._16.59


oo 
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Z LATTICE (CMl 

0 . 1 4 1 4 0 02 0 . 1 5 1 4 0 03 C . 1 6 1 4 0 0 3 0 . 1 7 1 4 0 03 0 . 1 8 1 4 0 03 0 . 1 9 1 4 C 0 3 

INPLT MATERIAL WORTH FCR REGICN 4 

0 . 1 4 0 5 0 C - 0 7 0 . 1 2 0 4 0 0 - 0 7 0 , 9 7 9 0 i D - 0 6 0.7570CD-.C.e_C. i i23900-08 
0 . 1 8 0 7 0 0 - 0 7 0 . 1 6 0 5 0 0 - 0 7 0 . 1 3 8 1 0 0 - 0 7 0 . 1 1 5 8 0 0 - 0 7 0 . 9 4 1 2 0 0 - 0 8 
0 . 2 0 3 3 0 0 - 0 7 0 . 1 8 0 7 0 0 - 0 7 0 . 155300-07 0 . 1 3 0 3 0 0 - 0 7 0 . 1 0 5 9 0 0 - 0 7 
O.32220C-O7 0 . 2 8 5 4 0 0 - 0 7 0.2462.00-07.,C..2Q560O^O7 0 . 1 6 7 8 0 0 - 0 7 
0.5Se?CD-C7 C.5323CO-07 0 . 4 5 7 5 0 0 - 0 7 0 . 3 8 3 9 0 0 - 0 7 0 . 3 1 1 9 0 0 - 0 7 
0 . 1 0 9 8 0 0 - 0 6 C.576C0D-07 0 .83880O-C7 0 . 7 0 3 8 0 D - 0 7 0 . 5 7 1 8 0 0 - 0 7 

R LATTICE ( C f l 

0 .3618C 02 0 . 4 3 6 4 0 02 _0.4S09O _Q2_ 0 . 5 4 5 5 0 C? 0 . 6 0 0 0 0 0? 

Z LATTICE ( C f l 

0 . 0 0 . 1 0 0 0 0 02 0 . 2 0 0 0 0 02 C.30000 02 C .40000 02 0 . 5 0 0 0 0 02 

INPUT MATERIAL WORTH FCR REGION 5 

J L . 3 S C a 4 I t 0 i . i l . J 4 7 4 L a - 0 6 n .?qnsRn-n> . n . ^ i n s ^ r - n s n . ? r i ^ s ^ n - n h 
0 . 4 3 1 9 1 0 - O t 0 . 3 8 3 9 1 0 - 0 5 0 . 3 2 9 9 5 0 - 0 6 C . 2 7 5 8 4 0 - 0 6 0 . 2 2 4 9 2 0 - 0 6 
0 . 4 9 0 1 9 C - 0 6 0 . 4 3 5 7 1 C - 0 5 0 . 3 7 4 4 7 0 - 0 6 0 . 3 1 4 2 0 0 - 0 6 0 . 2 5 5 2 7 0 - 0 5 
r . s s ? ' ; i n - f ! ^ n . A 9 i 4 5 n - n 5 n . 4 2 ? 3 R n - n 5 n . ^ - s t t f i r - n f t n.7S7Q^n-Pfc 
0 . 6 1 5 6 1 0 - 0 5 0 . 5 4 7 2 0 0 - 0 6 0 . 4 7 0 2 8 0 - 0 6 C .3945S0-05 0 . 3 2 0 5 8 0 - 0 5 
0 . 5 7 2 8 7 0 - 0 6 0 . 5 9 8 0 9 0 - 0 6 0 . 5 1 4 0 3 0 - 0 5 0 . 4 3 1 2 9 0 - 0 5 0 . 3 5 0 4 0 0 - 0 6 
Q._7.^.761D-_0.<. 0 . 6 4 6 750-C6 0 . 5 5 5 8 5 0 - 0 5 0 . 4 5 6 3 8 0 - 0 6 0 . 3 7 8 9 1 0 - 0 6 
0 . 7 7 0 3 0 0 - 0 6 0 . 6 8 4 5 9 0 - 0 6 0 . 5 8 8 4 5 0 - 0 6 C . 4 9 3 7 4 0 - 0 5 0 . 4 0 1 1 3 0 - 0 5 
0 . 7 5 7 8 2 0 - 0 5 0 . 7 0 9 1 6 0 - 0 5 0 . 5 0 9 4 8 0 - 0 5 0 . 5 1 1 3 8 0 - 0 5 0 . 4 1 5 4 7 D - 0 6 
0 . 8 0 3 7 9 0 - 0 5 0 . 7 1 4 4 6 0 - 0 6 0 . 5 1 4 0 4 0 - 0 6 C . 5 1 5 2 1 0 - 0 5 0 . 4 1 8 5 8 0 - 0 6 
0 . 7 9 7 8 2 0 - 0 6 0 . 7 0 9 1 6 0 - 0 6 O.SCS^eO-Ot 0 . 5 1 1 3 8 0 - 0 5 0 . 4 1 5 4 7 0 - 0 6 
0 . 7 7 0 3 0 0 - 0 6 0 . 6 6 4 6 5 0 - 0 5 0 . 5 8 8 4 5 0 - 0 5 0 . 4 9 3 7 4 0 - 0 5 0 . 4 0 1 1 3 0 - 0 5 
0 . 7 2 7 5 1 0 - 0 5 0 . 6 4 6 7 5 0 - 0 5 0 . 5 5 5 8 5 0 - 0 5 0 . 4 6 6 3 8 0 - 0 5 0 . 3 7 8 9 1 0 - 0 5 
0 . 6 7 2 8 7 0 - 0 6 0 . 5 9 8 0 9 0 - 0 5 0 . 5 1 4 0 3 0 - 0 5 0 . 4 2 1 2 9 0 - 0 5 0 . 3 5 0 4 0 0 - 0 5 
0 . 5 1 5 6 1 0 - 0 6 0 . 5 4 7 2 0 0 - C 5 0 . 4 7 0 2 8 0 - 0 5 0 . 3 9 4 5 9 0 - 0 6 0 . 3 2 0 5 6 0 - 0 5 
0 . 5 5 2 9 1 0 - 0 6 0 . 4 9 1 4 6 0 - 0 5 0 . 4 2 2 3 8 0 - 0 5 C . 3 5 4 4 0 0 - 0 6 0 . 2 8 7 9 3 0 - 0 5 
C . 4 9 0 1 9 0 - 0 5 0 . 4 3 5 7 1 0 - 0 5 0 . 3 7 4 4 7 0 - 0 6 0 . 3 1 4 2 0 0 - 0 5 0 . 2 5 5 2 7 0 - 0 5 
0 . 4 3 1 9 1 0 - 0 5 0 . 3 8 3 9 1 0 - 0 5 0 . 3 2 9 9 5 0 - 0 5 0 . 2 7 5 8 4 0 - 0 6 0 . 2 2 4 9 2 0 - 0 5 
0 . 3 9 0 8 4 C - 0 6 0 . 3 4 7 4 1 0 - 0 5 0 . 2 9 8 5 6 0 - 0 5 0 . 2 5 0 5 2 0 - 0 6 C . 2 0 3 5 3 D - 0 6 



R LATTICE (CM) 

C.38180 02 0.43640 02 0.49090 02 C.54550 02 0.50000 02 

I LATTICE (CM) 

0.50000 02 0.55080 02 0.50150 02 0.55240 02 0.70320 02 0.75400 02 0.80480 02 0.85550 02 0.90540 02 0.95720 02 
C.lCCaO 02 0.10590 03 0.11100 03 0.11600 03 0.12110 03 0.12620 03 0.13130 03 0.13640 03 0.14140 03 _ 

INPtT CATEPIAL WORTH FOR REGICN 

0.109300-05 0.975000-07 0.838800-07 0.703800-07 0.571800-07 
0.598500-07 0.532300-07 0.457500-07 0.383900-07 0.311900-07 
0.322200-07 C.286400-07 0.246200-07 0.205500-07 0.157800-07 
0.203300-07 0.180700-07 0.155300-07 0.1303CD-C7 0.105900-07 
C.160700-07 0.150500-07 0 . 13J10D-O7_0 .11580 0-OJ 0.941200-08 
"0.140500-07 0.120400-07" b.'979b00-o"8 0.757000-08" 0.529900-03 

R LATTICE (CM) 

0 . 3 8 1 8 0 02 0 . 4 3 5 4 0 02 0 . 4 9 0 9 O 02 0 . 5 4 5 5 0 0 2 0 . 5 0 0 0 0 02 

Z LATTICE (CM) 

_p._1^4_14C 0 3 . ^ . 1 5 1 4 0 ^ 0 3 0 . 1 6 1 4 0 03 0 . 1 7 1 4 0 0 3 0 . 1 8 1 4 0 03 0 . 1 9 1 4 0 0 3 

INPOT MATERIAL WORTH FOR REGION 7 

0.267500-08 0.275000-09 0.507400-09,0.189300-09 0.127400-09 0.127000-09 
0.40̂ 6 100-08 0.147700-06 0.528200-09 0.309700-09 0.247800-09 0.247300-09 
0.459100-08 0.16520D-08 0.70580O-0S "c.34840D-09 0.278800-09 0.278300-09 
0.727700-08 0.253400-08 0.112000-08 0.552300-09 0.441800-09 0.441000-09 
O.13520C-07 0.469500-08 0.208200-08 0.102600-08 0.821100-09 0.819500-09 
C.248CCC-07 0.697600-08 0.381700-08 0.18820C-08 0.150500-08 0.150300-06 

R LATTICE (CM) , 

C.6000C 02 0.70000 02 0.80000 02 0.90000 02 0.10000 03 C.llOOO 03 

Z LATTICE ICMl 

g.iogoc 02 0.2000c 02 0.30000 02 0.40000 02 O.SOOOD 02 



INPUT MATERIAL WCRTH FOR. REGiqN_ 

0 .882500-0? 
0 .9J51PC-07 
'0 .110590-05 
0 . 1 2 4 8 6 0 - 0 5 
0 .139020-06 
0 .151550-06 
0 .15431C-05 
0 .173550-06 
0 .180160-05 
0 .181510-06 
0 .180150-06 
0 .173950-06 
0 .15431C-05 
0.151S5C-C6 
0 .13902C-06 
0 .124860-05 
0 .110690-05 
b .975300-07 
0 .882500-07 

C. 319 
0 .353 
0 .400 
0 .452 
0 .503 
0 .550 
0 .554 

0 .652 
0 .557 
0 .652 
0 .629 
0.594 
0 .550 
0 .503 
0 .452 
0 .400 
0 .353 
0 .319 

500-07 
100^07 
700-07 
OOD-07 
200-07 
COD-07 
800-07 
7 ^ - 0 7 
200-0 7 
100-07 
200-C7 
700-07 
800-07 
CCD-07 
200-07 
000-07 
700-07 
lOD-07 
500-07 

0 .125900-
0 tiSOiOOr 
0 .170400-
0 .192200-
0 .214000-
0 .233900-
0 .252900-
0 .267800-
0 .277300-
0.2794C0-
0 .27730P: 
0.2678CO-
0.25290D-
0.23390Dr 
0 .214000-
0 .192200-
C.17040D-
0.150100-
0 .135900-

569800-08 
740200-08 

535800-
592 100-

08 0 
08 0 

.534900-08 
. 591100-08 

840100-08 
947500-08 
105500-07 
115300-07 
1247C0-C7 

_13200Dii(yL 
13670D-O7 
137800-07 
136700-07 
132C0D-07 
124700-07 
115300-07 
105500-07 
947500-08 
840100-08 
740200-08 
559800-08 

572100-
758000-
844000-
922500-
997600-
105500-

57080 0-08 
755700-08 
842500-08 
920800-08 
995800-08 
105400-07 

109400-
110200-
109400-

07 0. 
07 0. 
07 0. 

109 200-07 
110000-07 
109200-07 

105500-
997500-
922500-
844000-
758000-
672 10 O: 
592100-
535800-

07 0. 
08 0. 
L08 0. 
08 0. 
08 0. 
i8_0. 
CS 0. 
08 0. 

10540 0-07 
995800-08 
920800-08 
842500-08 
756700-08 
5_7080D-08., 
591100-08 
534900-08 

R LATTICE (CM) 

_C.5C00O 02 .0.7CCCD 02 0.80000 02 C.9O0OD 02 0.10000 03 O.llOOD 03 

Z LATTICE (CM) 

C.5CC0O 02 0.55080 02 0.50160 02 0.65240 02 0.70320 02 0.75400 02 0.80480 02 0.85550 02 0.90540 02 0.95720 07 
0.10080 03 0.10590 03 0.11100 03 0.11600 03 0.12110 03 0.12620 03 0.13130 03 0.13640 03 0.14140 03 

INPUT MATERIAL WORTH FCR REGICN 9 

"c7248CC"c-0"7 0.897600-08 0.331700-08 0.188200-08 
0.135200-07 0.485600-08 0.208200-08 0.102500-08 
_0jJ2770C-08 0.253400-08 0.112000-08 
0.459100-08 0.155200-08 0.705800-09 0.348400-09 
0.408100-06 0.1477C0-C8 0.528200-09 
.O,_2875OCr06 0.2 75000-09.0.50 74 00-09 0,189300-09 

R LATTICE (CM) 

0.150500-08 0.150300-08 
0.821100-09 0.819500-09 

C. 5523C0r09 0. 441'800-C9 0.441000-09 
0.278800-09 0.278300-09 

C.309700-09 0.247800-09 0.247300-09 
0. 127400-09 0. 127000-09.. 

C.6000C 02 0.70000 02 0.8000C 02 0.90000 02 0.10000 03 0.11000 03 

Z_ LATTICE (CM). _ 

0.1414C 03 0.15140 03 0.15140 03 0.17140 03 0.18140 03 0.19140 03 
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THESE ARE THE REACTOR REGIONS YOU ARE USING IN THE WEAK EXPLOSION CODE 

191.4 •**«******«*«**««*•«***«*•*«***•*«**********«****** 

I***«*«***«**«****I ***«*«*** * * * * * * * * * * * * * * * * * * * * * I 

5 0 . 0 |«**4««*«**4 4«****| **•*«****j *********************1 

(,̂  ««*****************««**********«**4****«***«*****«1i 
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FFTF VENUS , EQUATION OF STATE EO. TC 7 

RADIAL OISTANCE 

C O 5 . 4 5 5 
4 3 . 6 3 6 4 9 . 0 9 1 

110.OCC 

AXIAL DISTANCE 

0 . 0 IC.OOO 
6 5 . 2 4 C 7 C . 3 2 0 

1 0 5 . 8 8 0 1 1 C . 9 6 0 
1 5 1 . 4 4 C 1 6 1 . 4 4 0 

RADIAL POWER OENSIT 

1 . 3 6 5 1 . 3 4 8 
1 . 0 4 0 0 . 8 4 2 
0 . 0 

AXIAL POkER DENSITY 

0 . 0 0 2 0 . 0 0 5 
C .94C 1 . 0 3 0 
1 . 1 7 0 I . I I O 
C . 0 1 5 0 . 0 1 0 

1 0 . 9 0 S 1 6 . 3 6 4 
5 4 . S 4 5 6 0 . 0 0 0 

2 0 . 0 0 0 3 0 . 0 0 0 
7 5 . 4 C C 8 C . 4 8 0 

1 1 6 . 0 4 0 1 2 1 . 1 2 0 
1 7 1 . 4 4 0 1 6 1 . 4 4 0 

Y D I S T R I B U T I O N 

1 . 3 1 0 1 . 2 6 0 
C.63C C . 0 2 0 

D I S T R I B U T I O N 

0 . 0 1 0 0 . 0 1 5 
1 . 1 1 0 1 . 1 7 0 
1 . 0 3 C C . 9 4 0 
0 . 0 0 5 0 .CC2 

2 1 . 8 1 8 
7 0 . 0 0 0 

4 0 . 0 0 0 
8 5 . 5 6 0 

1 2 6 . 2 0 0 
1 9 1 . 4 4 0 

1 . 1 9 8 
0 . 0 1 5 

0 . 0 2 0 
1 . 2 1 5 
0 . 8 5 0 
0 . 0 

2 7 . 2 7 3 
8 0 . 0 0 0 

5 0 . 0 0 0 
9 0 . 6 4 0 

1 3 1 . 2 8 0 

1 . 1 2 6 
0 . 0 1 0 

0 . 6 9 0 
1 . 2 4 0 
0 . 7 5 5 

3 2 . 7 2 7 
9 0 . 0 0 0 

5 5 . 0 8 0 
9 5 . 7 2 0 

1 3 6 . 3 6 0 

1 . 0 4 S 
o.no'5 

0 . 7 5 5 
1 . 2 4 0 
0 . 6 9 0 

3 8 . 1 8 2 
1 0 0 . 0 0 0 

6 0 . 1 6 0 
1 0 0 . 8 0 0 
1 4 1 . 4 4 0 

1 . 2 2 0 
0 . 0 0 2 

0 . 8 5 0 
1 . 2 1 5 
0 . 0 2 0 

NUMBER OF RADIAL ZONES = 16 NUMBER OF AXIAL ZONES ~ 28 

STOP CONDITIONS ARE; 
CAX. TIME = C.IOOOOD 01 MAX. CYCLE = 500 MAX. DISTORTION = 0 . 1 0 0 0 0 0 04 
M^X. POWER f O ^ . i p O O C D 21 . ^ M I N . POWER - 0 . 1 5 2 4 0 0 12 K - E F F - L I H I T = 0 . 9 9 7 0 0 0 0 0 

E P S l = 0 . 0 EPS2 " 0 . 0 EPS3 = 0 . 5 0 0 0 0 0 - 0 1 EPS4 = 0 . 5 0 0 0 0 0 - 0 1 
CELT = C . 2 0 0 0 0 D - 0 5 DELTMX = 0 . 5 0 0 0 0 0 - 0 5 DELTMN = 0 . 1 0 0 0 0 0 - 0 5 RHOCRT = 0 . 3 0 0 0 0 0 01 

C t l P U I PARAMETERS 0 0 0 1 20 1 10 

4 4 4 
4 4 4 
4 4 4 
4 4 4 
7 7 7 
7 7 7 
7 7 7 
4 4 4 
7 7 7 
7 7 7 
7 7 7 
4 4 4 
4 4 4 

4 4 4 4 4 
4 4 4 4 4 
4 4 4 4 4 
4 7 7 7 7 
7 7 7 7 7 
7 7 7 7 4 
4 4 4 4 4 
4 7 7 7 7 
7 7 J 7 7 
7 7 7 7 4 
4 4 4 4 4 
4 4 4 4 4 
4 4 4 4 4 

U 

4 4 4 4 4 4 4 4 
4 4 4 4 4 4 4 4 
7 7 7 7 7 7 7 7 
7 7 7 7 7 7 7 4 
7 7 7 4 4 4 4 4 
4 4 4 4 7 7 7 7 
7 7 7 7 7 7_7_7 
7 7 7 7 7 7 7 4 
7 7 7 4 4 4 4 4 
4 4 4 4 7 7 7 7 
4 4 4 4 4 4 4 4 
4 4 4 4 4 4 4 4 
4 4 4 4 4 4 4 4 

(OEX OF EQUATION 

4 4 4 4 4 4 4 4 
4 4 4 4 4 4 
7 7 7 4 4 4 
4 4 4 4 7 7 
7 7 7 7 7 7 
7 7 7 7 7 7 
7 7 J 4 .4. 4 
4 4 4 4 7 7 
7 7 7 7 7 7 
7 7 7 7 7 7 
4 4 4 4 4 4 
4 4 4 4 4 4 

4 
4 
7 
7 
7 
4 
7 
7 
7 
4 
4 

4 
4 
7 
7 
4 
4 
7 
7 
4 
4 
4 

Of 

4 
4 
7 
7 
7 
4 
7 
7 
7 
4 
4 
4 

4 
4 
7 
7 
7 
4 
7 
7 
7 
4 
4 
4 

STATE 

4 4 4 
4 
7 
7 
7 
4 
7 
7 
7 
4 
4 
4 

4 4 
7 7 
7 7 
4 4 
4 7 
7 7 
7 7 
4 4 
4 7 
4 4 
4 4 

4 
4 
7 
7 
4 
7 
7 
7 
4 
7 
4 
4 

4 
4 
7 
7 
4 
7 
7 
7 
4 
7 
4 
4 

4 
4 
7 
4 
4 
7 
7 
4 
4 
7 
4 
4 

4 
4 
7 
4 
7 
7 
7 
4 
7 
7 
4 
4 

4 
4 
7 
4 
7 
7 
7 
4 
7 
7 
4 
4 

4 
4 
7 
4 
7 
7 
7 
4 
7 
7 
4 
4 

4 
4 

7 
7 

4 
7 

4 
4 



NLMBER CF REGIONS 9 

EFFECTIVE NEUTRON LIFETIME 0 .35000D-05SEC 

SOURCE TERM 0 . 1 5 2 4 0 D 13 BETA = 0 . 3 0 1 0 0 0 - 0 2 

REACTIVITY INSERTION FORM 

K ( T ) - 1 = 0 . 3 5 7 1 0 0 - 0 2 + I 0 . 3 0 1 0 0 0 00 » T ) + I 0 . 0 • T * » 2 ) T IS NOT LARGER THAN O.IOOOOD 01 

NLMBER OF DELAYEC NEUTRON EMITTER 6 

I BETA LAHDA C 

1 0.110000-03 0.1290CO-01 0.37i300 17 
C.e4C0CD-"0'3 0.311CC0-C1 0.117510 16 

3 0.65000D-03 0.134C0D 00 0.211220 17 
4 0.990000-03 0.331000 00 0.13023C 17 
5 C.31OCOO-03 0.126000 01 0.107130 16 
6 O.llOOOD-03 0.321000 01 0.149210 15 

OPTIONS SELECTED FOR THIS JOB 

INPLT POWER DENSITIES AT CENTER LINES 
POINTWISE TEMPERATURE INPUT FOR CORE REGION AND REGIONWISE INPUT FOR BLANKET 
REGIONWISE EOUATION OF STATE INDEX INPUT 
REGIONWISE VOLUMN FRACTION INPUT 
DELAYEC PREC. CONC.S CALC.ED FROM STEADY STATE 
REACTIVITY FEEDBACK CCEF.S ARE EVALUATED FROM VENUS 
ENERGY,K-EFF,K-OOPPLER AND K-DISPLACEMENT VS. TIME PLOTS SELECTED 

POINTWISE TEMPERATURE PLOT CPTION SELECTED 
PCMTIS) SELECTED ARE; 

1 J 
2 16 

POINTWISE PRESSURE PLOT CPTION SELECTED 
PONIT(S) SELECTED ARE: 

1 J 
2 16 



00 

REACTOR VOLUME (CM**3» AND POWER (WATTS) SPECIFICATIONS 

TOTAL REACTOR VOLUME 0.72773D CT 

REGION 1 

REGION 2 

REGION 

REGION t, 

REGICN 5 

REGION 

REGION 7 

REGICN 8 

VOLUME = 0.229000 06 

VOLUME = C.418B0O 06 

VOLUME = 0.22900D 06 

VOLUME = 0.336490 06 

VOLUME = 0.61537D _0.6_ 

VOLUME = C.336'i9D 06 

VOLUME = 0.13352D 07 

VOLUME = 0.244180 07 

TOTAL REACTOR POWER = 0.152400 13 

REGICNWISE SPECIFICATIONS ARE AS FCLLCHS: 

POWER = 0.39329D 10 

POWER = 0.691580 12 

POWER 0.393290 10 

DOWER = 0.44545D 10 

POWER = 0.7R33nn 12 

POWER = 0.445450 10 

POWER = 0.181850 09 

POWER ^ 0.31977D 11 

REGION VOLUME = 0 . I 3 3 5 2 D 07 POWER 0 . 1 8 1 8 5 0 09 

TOTAL MATERIAL R E A C T I V I T Y WORTH = 0 . 5 7 Q 3 0 D 00 
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CATA FOR Il-E REGION 1 

REGICKhlSE K€SH CVERIAY 

LCHER LEFT CORNER ( 2 , 21 
LGHER^ RIGHT CCPNEK ( 9* 2» 
UPPER LEFT CORNER ( 2t 7 1 
UPPER RIGHT CORNER I 9* 7) 

PRESSURE (0YNES/CM*»2) FUKCTION PARAMETERS 

A = C.O B = 0 .0 C = 0 ,0 

SPECIFIC HEAT FUNCTIUN 

_ _ CPIJOULES/CM-K)= 0 .388^00 00 • ( - 0 . 1 6 1 9 0 0 - 0 3 " • T H ~ I • T 0 .878100 -07 • TH • * 2 ) 

CPIJOULES/GM-K »= O.S'.PCCD 00 • ( 0 . 0 * _!" * * • 0*0 * J^ * * 2 1 

TMELT= 0.30^CCD C» HFLSE= C.28C00D 03 NA TFMP= 0.600Q0D 03 ,AS__T_EHP= 0 .600000 03 

OOPPIER COEFFICIENT TERM 

OK/OI = 0 ,0 • ) T H » * - 3 / 2 1 • -O.ACCCOD-02 • ( T H * * - 1 ) • 0 . 0 / TH*» ( 1.0 - 0 . 0 

CCPPLER ME1GHTING= O.IOOOOD-Ofl 

^ _ LATTICE SIZE hZ = 5 NR » .7 .^_____ 

R LATTICE (CH) 

0 .27280 CI C.E182D CI 0.136'iD 02 C.19C90 02 0 .24550 02 0 .30000 02 0 .35450 02 

2 LATTICE (CM) ^ 

€.50000 CI C.15C0D 02 0.2500D 02 C.35C00 02 0.45000 02 

OH/OZ VR.Z}'" 

0 .2 ia iO-OS 0 . 2 1 4 6 0 - 0 9 O . ; i 8 l 0 - 0 9 C.22420-C9 C.23060-0S 0 . 2 3 2 2 0 - 0 9 0 . 2 4 2 0 0 - 0 9 
0 .3740D-09 6 , 3 7 0 0 0 - 0 9 0 . 3 6 1 9 0 - 0 9 C.35020-09 C"."33750-09 0 . 3 2 0 4 0 - 0 9 0 ,79790 -09 
C.lOC70-Ce C i S B O O - C ; C.9639C-09 0 ,92330 -09 0 . 8 7 7 9 0 - 0 * 0 , 8 2 2 8 0 - 0 9 0 .74440 -09 
0 .23370 -08 0 .^3050 -08 0 .22290 -08 C.2L'^90-08 0 . 2 0 4 6 0 - 0 6 0 . 1 9 2 0 0 - 0 6 0 . 1 7 4 3 0 - 0 8 
0 .3893C-08 0 . 3 8 3 9 0 - 0 8 0 . 3 7 3 0 0 - 0 8 0 .35790 -08 0 .34080 -08 0 . 3 1 9 9 0 - 0 8 0 . 2 9 0 3 0 - 0 6 

CW/_C_R I R j Z l 

- C . 1 6 0 4 0 - I C - C . 5 7 9 8 0 - 1 0 - 0 . 9 0 0 5 0 - 1 0 - 0 . 1 1 7 8 0 - 0 9 - 0 . 1 1 4 3 0 - 0 9 - 0 . 1 6 4 7 0 - 0 9 - 0 . 2 0 9 2 0 - 0 9 
- C . I 7 8 7 0 - 1 0 - 0 , 6 0 7 4 0 - 1 0 - 0 . 9 6 4 7 C - 1 0 - 0 . 1 1 9 6 0 - 0 9 - 0 . 1 2 8 I D - 0 9 - 0 . 1 9 5 7 [ > - 0 9 - 0 . 2 ? 3 0 0 - 0 9 
- C , 2 ^ 0 6 0 - 1 C - C . 7 S 3 C D - 1 0 - 0 . 1 2 9 5 0 - 0 9 - C . 1 6 C 2 0 - 0 9 - 0 . 1 6 7 0 0 - 0 9 - 0 . 2 6 0 6 D - 0 9 - 0 . 2 9 5 1 0 - 0 9 
- 0 , 4 0 1 0 0 - 1 0 - 0 . 1 4 1 2 0 - 0 9 - 0 . 2 2 7 5 D - 0 9 - C . 2 8 C 8 0 - C 9 - 0 . 2 9 3 1 0 - 0 9 - 0 , 4 5 9 1 0 - 0 9 - 0 . 5 1 7 9 0 - 0 9 
- C. 74 7 C D - 1 0 - 0 , 2 6 4 3 0 - C 9 - 0 . 4 2 1 9 C - 0 9 - 0 . 5 2 3 0 D - r ) 9 - 0 . 5 4 4 5 0 - 0 9 - 0 . 8 5 4 6 P - 0 9 - 0 , 9 6 6 8 0 - 0 9 

fATERIAL REACTIVITY HORT̂ - CF THIS REGION =• 0 ,59753p-02 

EPSIIC = ClOOOOO 00 



CATA FOP THE REGICN 2 

RbGIONhlSE MESH G\(ERLAY , 

LChER LEFT CCPNEP ( 2 , 7 1 
LOWER RIGHT CCRNtR ( 9 , 71 
UPPER LEFT CCRNEK C 2 , 2 5 1 
UPPER BIGHT CORNER I 9 ,25> 

PRESSLRE (D¥NfcS/CM**2l FU^CTIC^ PARAMETERS 

a = 0 .0 R = 0 .0 C = 0 . 0 ..._ ._ __ . ... 

SPECIFIC HEAT FUNCTION 

CPUGULES/GM-KI= 0.38840D 00 * ( -0 .16 l90~6 ' -^3 * TH ) • ( 0 . 876100 -07 • TH • • 2 I 

_ CP(JOULES/CM-K)= C.5<ieCCD CO • ( 0 .0 . • TH. J_ • ( 0 . 0 . . . • TH * * 2 > 

..JJ'.EI.T.= 0 ,30^000 04 HFUSE= 0.280000 03 NA, TEMP= 0,12QQ0J) 04 SS TEMP= 0 .120000 04 

OOPPLfcR COEFFICIENT TERM _. _ _. .,.. 

DK/CT = 0 ,0 * ( T H * » - 3 / 2 ) * -C.4C0C0D-O2 • I T H * * - 1 » • 0 . 0 / TH** f 1,0 - 0 . 0 

DOPPLER HEIGHTING= 0.30000D 00 

LATTICE SIZE NZ = 1 8 N R = 7 _ . — 

R LATTICE ICMl 

0 .27280 CI C.8182D 01 0 .13640 02 C,19C90 02 0 .24550 02 C.30000 02 0 .35450 0? 

I LATTICE ICh-J ^ _ _ ^ _ __ 

0.5254D 02 0.5762D 02 0.6270C 02 0 .67760 02 0 .72860 02 C.77940 02 0 ,83020 02 0 .88100 02 0 . 9 3 1 8 0 02 0 .98260 02 
C.1033D C3 0.1C84D C3 0 ,11350 03 0 .11860 . 03_ 0.J.237D. OJ Q. 12fl.ID_03_ JU.33_aD_ 03 .0 . .13a9 i l . 03 . - -. 

CM/CZ ( R , Z I 

C.70 l8D-0e 0 .6S2ID-C8 n.672*iC-08 0 ,64520 -06 0 .61 ' . 20 -08 0 . 5 7 6 4 0 - 0 8 0 . 5 2 3 3 0 - 0 8 
C.90230-0e 0 .89000 -08 0.e6*i6C-Oe C.e2<;5D-CB C.78970-08 0 . 7 4 1 2 0 - 0 8 0 . 6 7 2 9 0 - 0 8 
C.10120-07 0.SS620-C8 0 .96980 -08 0.9373D-Q8 0 .89960 -08 Q.B291[>-08 0 .75470 -08 
C.10C1C-C7 0.Se67D-08 0 . 9 5 8 t D - 0 £ C.93360-08 0 . 9 0 3 3 0 - 0 8 0 .81720 -08 0 , 7 4 6 1 0 - 0 8 
C.S39aD-08 0 . 9 2 6 0 0 - 0 8 0 . 8 9 9 6 0 - 0 8 0 . 8 5 3 8 0 - 0 8 0 .80330 -08 0 . 7 7 ^ 3 0 - 0 8 0 ,70000-08 
C.e52C0-Ct. C. e4.C4Q-_Cfl_ C._8_L64D-Qfl 0.769*^0-08 0 .71800 -08 0 . 7 0 4 5 0 - 0 8 0 . 6 3 5 3 0 - 0 8 
0 .6a ' ;4C-08 0 .68000 -08 0 , 6 6 0 6 0 - 0 8 0 .63610 -08 0 .60800-08 0 . 5 6 5 6 0 - 0 8 0 . 5 1 4 1 0 - 0 8 
C.42810-08 0 . ' . 2230 -08 C.41C2D-08 0 .39360 -08 0.3748D-C8 0 . 3 5 1 7 0 - 0 8 0 .31930 -08 
O.JJISD-Ce .Q,LiQlD=Qa_OJZ641>-.03 Q-1711D-QB 0 .11540-08 n . i o f l 4 n - n H n.qf l4nn-nQ 

-0.1352C-Ce-C.1333D-08-C.1256E>-08-C.1243D-08-C. 11830-08-0.11110-08-0.10080-08 
-C. 4 1 53 0-08-0.*. 096 0-08-0. 39800-08-0. 38 18 0-08-0. 363 50-08-0.3*. 120-OR-0.3 0970-08 
-C.6_e6 3D-C&-Q.t 76 60-08-0.65750-0 a-n. 63 CBD-0B-Q.6QQ7D-0fl-n.SA37n-nft-n-SI 17n-nR 
-0.e5eiD-0 8-0.8<.64D-Oa-0.a2230-OP-C.7 8 200-C8-C.7 372D-08-0.7C72 0-09-0.63990-08 
-C.9^ 30O-0e-0.<;3ClD-0d-C.90350-0e-C.a530D-0fl-C. 79760-08-0. 7792 0-08-0.70310-08 
-C.953CC-JJ8-Q.9794D-Qa-Q.95I4D-08-Q.922in-0R-n-Rfl7ft[>-flft-n.Rl ?7n-nft-n-T^ntjl^-nq 

. 1 0 C 5 0 - C 7 - C . S 9 C S O - C 8 - C . 9 6 2 6 0 - O a - 0 . 9 3 7 5 0 - 0 8 - 0 . 9 0 7 0 0 - 0 8 - 0 . 8 2 0 7 D - 0 8 - 0 . 7 4 9 2 D - 0 8 
- 0 . 9 0 6 6 0 - 0 8 - 0 . 8 9 4 4 0 - 0 8 - 0 , 8 6 8 9 0 - 0 8 - 0 . 6 3 1 3 D - 0 e - C . 7 8 9 0 0 - 0 8 - 0 , 7 4 5 7 0 - 0 8 - 0 . 6 7 6 2 0 - 0 8 
-C.74BaQ-QB-0:,.7J[aAQ-Qa-Q.71 75n- f la -Q- ,A9Q7D-Qa-n.66000-08-0 .61 44[>-0 8 - 0 . 5 5 8 4 0 - 0 8 
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DW/OR (RtZ) 

-C.37C3D-09-0.1318D-08-0.2 lC2D-09-C.26110-09-0.27l«0-b8-0.42590-08-0.48190-08 
-0.4143D-01-0.14790-08-0.23570-08-0.29280-08-0.30480-08-0.47750-08-0.54020-08 
-C.46S50-C9-0.167eD-Ctt-C.2677D-08-0.33240-08-0.34590-08-0.54230-09-0.61320-08 
-0.52 700^09-0.19920-09-0.30020-08-0.33840-C8-C.42240-08-0.60800-08-0.68770-08 
-€.58180-09-0.20780-09-0.33130-08-0.34270-09-0.49700-09-0.67120-08-0.75910-08 
-e.63180-09-0.22560-06-0.36000-06-0.45930-08-0.45370-09-0.72920-08-0.82450-08 
-C.6769O-09-0.2417O-O9-C.3957O-0P-C.47a70-C9-0.49940-08-0.79110-09-0.86340-08 
-0.7092C-09-0.25 310-08-0.4 0390-Ofl-C.5C130-Oe-C.5219D-08-0.818lO-0 8-0,9251D-08 
-0.72 570-09-0.25670-08-0.41310-09-0.51240-09-0.53350-09-0.83630-0 9-0.94590-08 
-0.72460-09-0.25830-09-0.41230-08-C.51I9O-09-O.53270-O8-O.83510-08-0.94440-09 
-0.7IC10-09-0.25330-08-0-40450-08-0.50160-08-0.52240-08-0.61890-06-0.92610-06 
-C.67710-09-0.24160-08-0.38580-08-0.47900-06-0.49860-08-0.76150-08-0.68380-08 
-0.63290-09-0.22600-08-0.36070-08-C.44760-C6-C.466^00-08-0.73040-09-0.92600-09 
-C.56130-09-0.20760-09-0.3311D-09-C.37660-06-C.46230-08-0.67090-08-0.75960-08 
-0.5217O-C9-0.1685D-C8-C.3005O-06-C.3C44O-G9-0.45720-09-0.60070-06-0.68950-08 
- C.4 7C2C-09-0.16790-08-0. 268C"6-̂  06-C. 34420-C6-C. 3 3490-09-0.542 80-0 9-0.613 80-09 
-0.41540-09-0.14630-06-0.23660-08-0.29390-08-0.305 70-08-0.479 30-0 8-0.54200-08 
-C.37C30-09-0,13180-06-C.2 1020-08-C.26110-06-0.27180-08-0.42580-08-0.48180-08 

>«TE«1AL REACTIVI7Y tORTH OF THIS IIECIO - 0.184310 00 

EPSIIO ' 0.0 

e<« C.426100 C5 EB= 0.59e9CD C4 eC» 0 .435600 04 E0» 0 .992000 02 
EE» 0 ,127100 04 EF= 0 .163400 C3 EC= - 0 . 4 6 6 0 0 0 03 EH« - 0 . 1 0 7 3 0 0 05 
E l " C.491400 C5 EJ= - 0 . 4 9 8 3 0 0 05 EA«= 0 .554550 02 ESB—0.788470 05 
ECC—0.428C8D CI EGO' 0.6660C0 CC EHH» 0.481100-01 E t̂J. 0.24e770^L 
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OATA FOR THE REGION 9 

REGICNHISE MESH OVERLAY 

LOWER LEFT CORNER 113 ,251 
LOKER RIGHT CORNER 116.251 
UPPER LEFT CORNER ( 1 3 , 3 0 1 
UPPER RIGHT CORNER 118,301 

PRESSURE (0YNES/CH**21 FUNCTION PARAMETERS 

A i _ . O . i . _ _ i _ ; OjO Z_= 

SPECIFIC HEAT FUNCTION 

CPIJOULES/GM-KI= 0 .388400 00 » ( - 0 . 1 6 1 9 0 0 - 0 3 • TH I » ( 0 . 8 7 9 1 0 0 - 0 7 • TH • • 2 I 

CPIJ0ULES/GH-K1= 0.54PQC0 00 « I a.J) • TH 1 * ( ! M ! * TH »» 2 1 

TMiLT= 0 .304000 04 . HFUSF= 0.260000 03 NA TFMP» 0 .600000 03 SS TFHP= 0 .600000 03 

DOPPLER COEFFICIENT TERM _ . . 

DR/DT = 0 .0 • C TH«»-3 /2 I • -0 .400COD-02 » ( TH«»-1 I • 0 . 0 / TH». I 1 .0 - 0 . 0 

DCPPLER MEIGHTING= 0 . 1 0 0 0 0 0 - 0 8 

LATTICE SHE N2 =• 5 NR =. 5 — 

R LATTICE ICMl 

C.65C00 02 0 .75000 02 0 .85000 02 C.9500D 02 0 .10500 03 

I LAiTite icm _ _ 

0.14640 03 0.15640 03 0.16640 03 C.17640 03 0.18640 03 

DW/02 (R,Z) 

- C . 6 9 0 0 0 - 0 9 - 0 , 2 2 4 5 0 - 0 9 - 0 . l 0 6 5 O - 0 9 - C , 6 6 4 8 0 - 1 0 - 0 t 6 4 6 2 0 - L O _ 
- 0 . 4 0 9 0 0 - 0 9 - 0 . 1 3 3 2 0 - 0 9 - 0 . 6 4 3 5 0 - 1 0 - 0 . 3 9 4 0 0 - 1 0 - 0 . 3 8 3 3 0 - 1 0 
- 0 . I T S O D - O S - O . 5 6 3 2 0 - 1 0 - 0 . 2 8 1 5 0 - 1 0 - 0 . 1 7 2 4 0 - 1 0 - 0 . 1 6 7 8 0 - 1 0 

_ ^ a . 7 A 2 6 J - 1 0 - _ O . 2 9 9 6 D - 1 0 - 0 . 6 9 6 4 0 - 1 1 - C . 6 1 C 9 0 - 1 1 - 0 . 6 5 9 2 0 - 1 1 _ 
- 0 . 3 5 0 2 0 - 1 0 - 0 . 3 1 7 2 0 - 1 0 0 . 7 1 4 3 0 - 1 1 - C . 2 8 8 2 0 - 1 1 - 0 . 3 0 0 7 0 - 1 1 

CM/PR I R . 7 I .. _ 

- C . 1 1 S 2 D - C 8 - C . 3 9 5 6 0 - 0 9 - 0 . 1 4 4 7 D - 0 9 - C . 2 6 1 2 0 - 1 0 - 0 . 1 7 7 5 0 - 1 2 
_ . -0 . ,6231D-09 -0 .2 .0330-09 -0 . 7 6 3 0 0 - 1 0 - 0 . 1 4 8 0 0 - 1 0 - 0 . 1 1 7 5 0 - 1 1 2 

- C . 3 5 C 3 0 - 0 9 - 0 . I I 4 2 0 - 0 9 - 0 . 4 2 6 2 0 - 1 0 - 0 . 6 3 3 6 0 - 1 1 - 0 . 6 0 0 0 0 - 1 3 
- 0 . 2 5 9 3 0 - 0 9 - 0 . 8 4 5 4 0 - 1 0 - 0 . 3 1 7 3 0 - I C - C . 6 1 6 0 0 - 1 1 - 0 . 4 6 2 50-13 

_ - 0 . 2 5 6 2 D - 0 9 - 0 . 4 3 0 1 D - 1 0 - 0 . 3 1 3 4 D - I O - C . 6 0 9 4 0 - 1 1 - 0 . 4 6 2 5 0 - 1 3 

NATFHIAI REACTIVITY .HQRT1-: OF THIS REGION * 0 . 1 9 6 9 8 0 ^ 0 2 -

EPSlIC = C.5O000D-O1 

EPMAX= 0.6OC00D 03 EVRMIN= G.315000 00 EVRMAX= 0.50000D 00 EM= 0 .270000 03 
EVC= 0.68614D 02 ERHOST= 0.674000 01 EALPH= 0 .105000 -03 ETSTAR= 0 .304000 04 
EPPR1P= 0.2C0CC0 04 EeETAS= 0 .300000 -04 EPSTAR= O.IOOOOD 06 EROHIN= 0 .299000 01 
ER0M«»= 0.e74CCC 01 
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FFTF VFNUS . ECUATIDN OF STATE EC. TC 7 
RACIAL POSITION OF MESH POINTS AT TIME 

. ! 3 4 5 6 7 e 9 10 

** *« •• •« ** .« *• •* *« 

30» 0 5 IC 16 21 27 32 38 43 

29* 0 5 10 16 21 27 32 38 43 

28» b 5 IC 16 21 27 32 38 43 

27» 0_ 5 10 16 21 27^ 32 3e._43_ 

26» 0 5 10 16 21 27 32 38 43 

2?i ~0 V r r " l 6 2 r ' 2 7 32 3 T ^ 4 3 " 

24» Q _ 5 . 10 16. ^ i l 27 .32 38 43 

23» 0 5 IC 16 21 27 32 38 43 

0 5 10 16 21 27 32 38 43 

S S Li! L6 21 i L 3 2 _ j a _ A l _ 

=C.O MAXIMUM VALUE OF R = 
11 12 13 14 15 16 17 L8 

O.llOOOOOOD 03 

*• •• *• *. *« *. • . «* 

49 54 60 70 80 90 100 110 
49 54 60 70 80 90 IOC 110 

22» 

21* 

20* 0 5 

" ~i9» 0 5 

. _18» .Q 5 

17» 0 5 

16« 0 5 

15* S 5-

14* 0 5 

" 13* ' 0 5 

.„12* Q 5_ 

11* 

10* 

„ 9» 

a* 

0 5 

d 5 

0 _ 5. 

C 5 

10 16 21 27 32 38 43 

10 16 21 27 32 38 43 

IC 16 21 27 32 38 43 

10 16 21 27 32 38 43 

10 16 21 27 32 38 43 

IC- It 21 21 _ 32 31 43 

10 16 21 27 32 38 43 

IC 16 21 27 32 38 43 

10 16. 21 _22 3i aa 43 

IC 16 21 27 32 38 43 

10 16 21 27 32 38 43 

10 16 21 27 32 38 43 

IC 16 21 27 32 38 43 

49 

49 

49 

49 

49 

49 

49 

49 

49 

49 

49 

49 

49 

49 

49 

49 

49 

49 

49 

49 

54 

54 

54 

54 

54. 

54 

54 

54 

54 

54 

54 

54 

54 

54 

54 

54 

54 

54 

54 

54^ 

60 

60 

60 

60 

60 

60 

60 

60 

60 

70 

70 

70 

7C 

70 

70 

7C 

70 

70 

60 70 

60 70 

6C 

60 

60 

60 

60 

60^ 

60 

70 

70 

70 

70 

70 

70 

70 

60 70 

.AO 1Q-. 

80 

80 

80 

80 

80 

80 

80 

80 

80 

80 

80 

80 

80 

80 

80 

RO 

80 

90 

90 

90 

90 

90 

90 

90 

90 

90 

90 

90 

90 

90 

90 

90 

90 

90 

80 90 

RO 90 

100 

100 

100 

100 

100 

100 

100 

100 

100 

U O 

iin 

no 

U Q 

iin 

uo 

uo 

no 

uo 

100 110 

100 iin 

100 

100 

ion 

100 

100 

_1Q0-

100 

100 

inn 

uo 

uo 
1 in 

uo 

110 

1 in 

uo 

uo 
110 

49 54 60 70 so 90 100 U O 

7* 0 5 10 16 21 27 32 38 43 

JA. Jl_ 5 10 16 21 27 32 38 43 

5* 0 5 10 16 21 27 32 38 43 

4* 0 5 IC 16 21 27 32 38 43 

3» n s 10 14 21 27 12 .38—43 

49 54 60 70 80 90 100 U O 

4i 54 Ml 70 an 

49 54 60 70 80 90 100 U O 

49 

49 

54 

54 

60 70 

.60 7fl_ 

80 

no 

90 100 U O 

90 inn 11n 

2* 10 16 21 27 32 38 43 49 54 60 70 80 90 100 U O 
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FFTF VENUS , ECUATION OF STATE EO. TO 7 
AXIAL PCSITION OF MESH PCINTS AT TIME =0.0 MAXIMUM VALUE OF Z - 0.I9144C00D 03 

2 3 4 5 6 7 e 9 10 U 12 13 14 15 16 17 19 

** ** *« •• ** «« «* *» *t ** «. *« *• «* *. ~«* ** 

30» 191 191 ISl ISl 191 191 191 191 191 191 191 191 191 191 191 191 191 

29* 181 181 181 181 181 lei 181 181 181 181 181 181 181 181 181 181 131 

28* 171 171 171 171 171 171 171 171 171 171 171 171 171 171 171 171 171 

27» Itl 161 161 161 161 Itl 161 U l 161 161 161 161 161 161 161 161 16J 

26» 151 151 151 151 151 151 151 151 151 151 151 151 151 151 151 151 151 

25* 141 141 141 141 141 141 141 141 141 141 141 141 141 141 141 141 141 

24* 13t 136 136 136 136 136 136 136 136 136 136 136 136 136 136 136 136 

23* 131 131 131 131 131 131 131 131 131 131 131 131 131 131 131 131 131 

22* 126 126 126 126 126 126 126 126 126 126 126 126 126 126 126 126 126 

21* 121 121 121 121 121 121 121 121 121 121 121 121 121 121 121 121 121 

20* U 6 116 116 U 6 116 116 116 116 116 116 116 116 116 116 116 116 116 

19* UO lie UC UC UO 110 UO UC 110 UO no no no n o n o u o uo 
18* 105 105 106 105 105 105 105 1C5 105 105 105 105 105 105 105 105 105 

17* 100 100 ICC ICO 100 100 100 100 100 100 100 100 100 100 100 100 100 

16* 95 95 95 95 95 95 95 95 95 95 95 95 95 95 95 95 95 

15« 9C SC 90 90 90 90 9C 9C 90 90 90 90 90 90- 90 90 90 

14* 85 85 85 85 85 85 85 85 85 85 85 85 85 85 85 85 85 

13* eC eo EC 80 80 80 80 80 80 80 80 80 80 80 80 BO 80 

12» 75 75 .7_5__ 75 75^ 75 75 25 75 75 75 75 75 75 75 75 75 

11* 70 70 70 70 70 70 70 70 70 70 7C 70 70 70 70 70 70 

10* 65 65 65 65 65 65 65 65 65 65 65 65 " ^ 65 65 65 65~ 

9* .60 . 60 _1.C.. _6_0__.60 60 6C 6C 60 60 60 60 60 60 60 60 60 

8* 65 55 55 55 55 55 55 55 55 55 55 55 55 55 55 55 55 

7* 5C 5C 5C 6C 50 50 50 50 50 50 50 50 50 50 50 50 To" 

6* 40 40 40 40 40 40 4C 4C 40 40 40 40 4C 40 40 40 40 

5* 3C 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 

' 4« 20 20 20 20 20 20 20 20 20 20 20 2C ̂ 20^^ 20 2^ 2 C ^ 0 ^ 

3* 10 10 IC IC 10 10 10 10 10 10 10 10 10 10. 10.„ 10 .10 

2 « 0 O 0 O O C C C 0 C 0 C 0 O 0 O O 
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FFTF VENUS , EOUATION OF STATE EC. TO 7 
RACIAL VELOCITY OF MESH POINTS AT TIME =0.0 MAXIMUM VALUE OF ROOT 

2 3 4 6 6 7 8 9 10 11 12 13 14 15 16 17 18 . 

** ** ** ** ** *• *• •* *• •• •* ** *• •* •* ** .* 
30*., _.o_ _q ô _ 0 0. 0 C O . . 0 0 

29* O O O O O O O O O O 

28* 0 0 C O O 0 0 0 0 0 

27* 0 0 0 0 _.0 0 0 . C .. C_._£ 

26* 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

25* 0 0 0 0 0 0 0 C O O O C O O O O O 

Z4.* S_ 0̂ 0 0 . 0 0_ 0. 0 0. Q .._Q 0 0 0 0 0 0 

23* O O O O O O C C O O O O O O O O O 

. .0 0 Q D Q a a 

0 0 C 0 0 0 0 

"^b ¥ 0 0 0 0 6 

0 C 0 0 0 0 0 

22* O O O O O O C C O O O O O O O O O 

.JI* a C__ C. 0. J) 0 0 . 0._0 .0. Q a 0 0 0 0 Jl_ 

2 O * C O 0 O O O C C 0 0 0 0 0 O O O O 

I 9 * 0 0 C 0 0 0 O 0 O 0 O O O 0 O 0 0 

_iA! £ a e._. 0. Q_ _ c_._t s 0 s: a a a a a o D_ 

17* 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1 6 * C C C O O 0 0 O O 0 0 0 O 0 O 0 0 

15* 0 0 a_^ 0. Q a. c^ c a. c o c c o o o o 

14* 0 0 0 0 0 0 0 0 0 0 0 0 0 

i 3 * o c o o o c c c o o o o o o o o a 

li* 0 _ Q. 0 0 0 C C C 0 C fl .0. D__Q 0 0. Q_ 

i i * c c c o o o o o o o o o o n o o o 

i b * o o c o o o c c o c o o o o ^ o o o 

.9* 0 . . 0. o o o o o o o c 0 a D a o D Q_ 

8 * 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 * 0 0 0 O O 0 C 0 0 C 0 C 0 O O O O 

__6*_.. 0. 0 J3 0 0 0 0 0. _a D- Q Q Q Q Q Q Q_ 

5* O O O O O O C C O O O O O O O O O 
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FFIF VENUS . EOUATION CF STATE EC. TO 7 
AXIAL VELOCITY OF MESH POINTS AT TIME =0.0 MAXIMUM VALUE OF ZOOT = 

2̂  3 4 5 6 7 8 9 10 11 12 13 JL4 J5 16 W 18 _ 
*• " •* ** •• •• *• *• ** ** »• ** ••"'•• ** «* *. i* 

3 0 * 

2 9 * 

2'8* 

2 7 * 

2 6 * 

2 5 * 

2 4 * 

2 3 * 

2 2 * 

2 1 * 

2 0 * 

1 9 * 

1 8 * 

1 7 * 

1 6 * 

15* 

1 4 * 

1 3 * 

1 2 * 

U * 

1 0 * 

9 * 

8 * 

7 * 

*•_ 
5 * 

4 * 

3 * 

0 

C 

""6 
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0 

^ 0 " 
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0 

0 

c 
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0 

c 
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0 

0 

0 
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0 

0 

0 

c 

0 

0 

0 

0 

c 

"0 " 

0 

0 

0 

0 

c 

0 

0 

0 

0 

c 

0 

0 

0 

0 

0 

0 

0 

0 

c 
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0 

0 

0 

0 

c 

" 0 
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0 

0 

0 

c 

0 

0 

c 

0 

c 

c 

0 

_- c 

0 

0 

0 

0 

0 

c 

0 

0 

c 

0 

0 

0 

0 

0 

0 

0 

0 

0 " 

0 

0 

0 

0 

0 

0 

0 

0 

0 

.c . . . 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

b 

0 

0 

0 

0 

0 

0 

0" 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

d 

0 

0 

0 

0 

c 

c 

0 

0 

0 

-Q 

0 

0 

0 

c 

0 

0 

c 

0 

0 

0 

c 

^_0._. 

0 

0 

0 

0 

c 

c 

0 

0 

0 

0 

c 

c 

0 

c 

0 

0_ 

0 

0 

c 

c 

0 

0 

c 

0 

n 

0 

0 

0 

0 

0 

c 

0 

c 

c 

0 

0 

c 

0 

c 

0 

0 

c 

0 

...Q._ 

c 

0 

c 

c 

0 

0 

c 

0 

0 

c 

0 

0 

0 

0 

0 

0 

0 

d 

0 _ 

0 

0 

0 

0 

0 

0 

0 

0 

p_ 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

c 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

. . . 0^ . 

c 

0 

0 

0 

0 

0 

0 

0 

0 

0 

c 

0 

0 

0 

6 

0 

0 

" d 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

d"~ 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

c 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 _ 

c 

c 

0 

0 

0 

0^ 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

__0_ 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-_" 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

d 

0 
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0 
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0 
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0 
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0 
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FFTF VENLS i ECUATION OF STATE 
TOTAL PRESSURE OF ZONES 

30* 

29* 

28* 

27* 

26* 

25* 

24* 

23* 

2 2* 

21* 

20* 

19* 

18* 

17* 

16* 

15* 

14* 

- IX* 

12* 

11* 

10* 

9* 

8* 

7* 

6* 

5* 

4* 

3* 

2 3 4 

** ** ** * 
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c 
c 

0 

0 

c 

0 

8 

15 

42 

119 

262 

44e 

579 

546 
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IS2 

74 

25. 

IC 

0 

iL 

C 
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0 

c 
0 

.0_. 0 

c c 

c" c 

0 0 

C 0 

c c 
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C 0 

13 13 

31.^.1 
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182 182 
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382 382 
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131 131 

54 54 

2C 20 

S 9 
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£ C 
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C 0 

C 0 

0 c 
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* ** •* •« *• ** *• 
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. (L 
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0 
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22 
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66 

82 

77 
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16 

9 
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9 
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FFTF V 
V I 

3 0 * 

2 9 * 

2 8 * 

2 7 * 

2 6 * 

2 5 * 

2 4 * 

2 3 * 

2 2 * 

2 1 * 

2 0 * 

1 9 * 

1 8 * 

1 7 * 

16 * 

1 5 * 

1 4 * 

1 3 * 

1 2 * 

U * 

1 0 * 

9 * 

8 * 

7 * 

6 * 

5 * 

4 * 
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SCQLS PRESSURE OF ZONES 
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FFTF VENUS . ECUATION OF STATE EO. TO 7 ' 
DENSITY OF ZONES AT TIME =0.0 MAXIMUM VALUE OF RHO = 

J? -3 4̂_ 5 6 7 e 9 10 U 12 13 14 15 16 17 
0.549780000 01 

30* 

~29V 

JA* 

27* 

26* 

25* 

• « *« «• •« ** «* .. *« .. *« „ .« .̂  ,. .. ,, 

- ̂ --^? 1 *!-?_'1̂ 3-4.03 4C_3 _4C3 4C3 _4Qi 403 403 515 515 515 515 515 

4C3 4C3 4C3 403 4C3 403 403 403 403 403 403 515 515 515 515 515 

24* 

"23* 

22* 

403 403 403 403 403 4C3 403 403 403 403 4 ^ 515 515 615 515 515 

403 403 403 403 4C3 403 4C3 4C3 403 4C3 403 515 515 51.5 il5 515_ 

4C2 4C3 4C3 4C3 4C3 4C3 4C3 4C3 403 403 403 515 515 515 515 515 

;4« 545 549 549 549 549 549 549 549 549549 5 iT sTs'sTi" 5T5~5'lT^ 

._549 549 549 549 549 549 549 549 549 549 549 515 515 515 515 515 

549 549 549 549 549 549 54S 549 549 549 549 515 515 515 515 515 

21* 
545 64S 545 649 549 549 545 549 549 549 549 515 515 515 515 515 

545 54S 549 549 549 649 54?_549 545 549 549 515 515 515 515 515 

_19»_ 
549 549 549 549 549 549 549 549 549 549 549 515 515 516 515 515 

545 549 549 549 549 549 549 649 649 549 549 515 515 515 515 515 
18* 

549 645 549 549 549 549 545 545 549 549 549 515 515 515 515 515 
17* 

645 54S 549 549 549 649 549 549 549 549 549 515 515 515 515 515 

549 549 549 549 549 549 549 549 549 649 549 515 515 515 515 515 
15* 

54S _649_i49_ 549 549 J45 545 549 A4S 549 549 515 515 515 515 515 
14* 

545 545 549 549 549 549 545 549 549 549 549 515 515 516 515 515 
_11* 

12* 

~Tr* 
.10* 

9* 

549 549 549 549 549 549 549 549 549 649 549 515 515 516 515 515 

549 .549_i49.549.549 i49 545 5.49_ 549 549 549 51S'51S 515 515 515 

649 649 549 549 549 549 545 549 549 549 549 515 515 515 515 515 

545 545 549 549 549 649 549 649 549 549 549 515 515 515 515 515 

649 549 549 549 549 549 549 549 549 549 549 515 515 515 515 515 
8* 

545 549 549 549 549 549 545 545 549 549 549 615 515 515 515 515 

403 403 403 403 403 4C3 403 403 403 4C3 403 515 515 515 515 515 
.4*. 

3* 
403 403 403 403 4C3 403 4C3 4C3 4C3 403 403 515 515 515 515 515 

403 4C3 4C3 403 403 40 3 40 3 4C3 403 403 403 515 515 515 515 515 

http://549_i49.549.549
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FFTF VEKLS . EOIATICN CF STATE EC. TC 7 
TEMPERATURE OF ZONES AT TIME =0.0 MAXIHUM VALUE OF THETA = 0.380803000 04 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1̂7 
• * ** ** •* *• *• ** •* *• •• •• •• *. *«~ «• •• 

30* 
59 59 59 59 59 59 59 59 59 59 59 59 59_59 59 59 

55 59 59 59 59 59 55 5S 59 59 59 59 59 59 59 59 

59 65 59 59 59 55 55 59 59 59 59'~59 "59^^59^"59 59 

55 55 55 59 69 59 59 59 59 59 59 59 59 59 59 59 

59 59 59 59 59 59 59 59 59 59 59 59 59 59 59 59 

291 288 298 274 274 25S 255 265 265 2C7 2C7 59 59 59 59 59 
24* 

255 251 297 266 266 211 211 277 277 ;16 216 59 59 59 59 59_ 
"23* 

3CJ 3C3 3C3 298 298 287 287 292 292 23C 230 59 59 59 59 59 
22* 

313 310 310 303 3C3 297 297 300 300 242 242 59 59 59 59 59 
21* 

329 324 324 305 3C9 3C2 3C2 3C5 305 254 254 59 59 59 59 59 
20* ' 

341 34C 34C 315 319 3Ct 3C6 315 315 263 26 3 59 59 59 59 59 
_1?» 

3*3 355 365 329 329' 310 310 317 317 270 270 59 59 59 59 59 
IB* 

374 367 367 336 336 315 315 322 322 275 275 59 59 59 59 59 
17* 

3eC 372 372 34C 34C 317 311 326 326 271 277 59 59 59 59 59 
16* 

375 371 371 335 339 31< 316 325 325 277 277 59 59 59 59 59 
15* 

371̂  363 363 334 334 313 313 32C 320 J73 273 59 59 59 59 59 
14* 

357 345 349 324 324 3C8 3C8 313 313 267 267 59 59 59 59 59 
13* 

12* 

10* 

339 333 333 314 314 304 3C4 3C7 307 255 255 59 59 59 59 59 

321 317 317 306 3C6 3C1 3C1 3C3 303 248 248 59 59 59 59 59 

3CE 3Ct 3C6 3C1 3C1 292 292 297 297 235 235 59 59 59 59 59 

9* 

8* 

7* 

6* 

302 301 301 293 293 278 278 285 285 221 221 59 59 59 59 59 

_292 29C 290 276 276 26C 26C 267 267 206 206 59 59 59 59 59 

279 276 276 262 2t2 241 247 253 253 195 195 59 59 59 59 59 

55 55 55 59 59 59 55 59 59 59 59 59 59 59 59 59 

55 _ 5 5 55 55 59 59 55 59 59 59 5_9_59 59 59 59 59 

59 59 59 59 59 59 59 59 59 55 59 59 59 59 59 59 

59 55 55 59 59 59 55 55 65 59 55 59 59 59 59 59 
3* 

55 55 59 59 59 55 55 59 59 59 59 59 59 59 59 59 
2* 
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FFTF VENUS , ECUATION OF STATE EO. TO 7 
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FFTF VENUS , ECUATI 
VISCOUS PRESSURE 
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FFTF VENUS . ECUATION OF STATE EO. TO 7 
DENSIIY OF ZONES AT TIME =0.000587 MAXIMUM VALUE OF RHO = 0.589617950 01 
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FFTF VENUS , EOUATION OF STATE EO. TO 7 
TEMPERATURE CF ZONES AT TINE =C.000587 MAXIMUM VALUE OF THETA > 0.680846880 04 
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AT CYCLE 121 TIME =C.00C589 OELT =C.C00003 DISTRT = 1 .98 WMAX = 0 . 0 5 9 1 6 AT ZONF 7 7 
PCWER = 0 . 4 3 4 0 13 ENERGY = 0 . 3 4 5 0 10 XK = 0 . 9 9 8 1 4 2 0 XKOOPL = - 0 . 0 0 0 8 9 1 1 XKOISP = - 0 . 0 0 4 7 1 5 3 

AT CYCLE 122 TIME - C . 0 0 C 5 9 2 DELT =C.CC0003 DISTRT = 1 .96 WMAX = 0 . 0 5 8 7 4 AT ZONE 2 7 
PCwER = 0 . 4 2 2 0 13 ENERGY = 0 . 3 4 6 0 10 XK = 0 . 9 9 8 0 2 7 5 XKDOPL = - 0 . 0 0 0 8 9 3 6 XKDISP = - 0 . 0 0 4 6 7 7 9 

AT CYCLE 123 TIME =C.00C594 DELT =C.C0C0O3 DISTRT = 1 .98 WMAX = 0 . 0 5 8 0 5 AT ZONE 2 7 
PCWER = 0 . 4 1 0 0 13 ENERGY - _ 0 . 3 4 7 0 10 M = 0^.9979116 XKDOPL = - 0 . 0 0 0 8 9 6 5 XKDISP = - 0 . 0 0 4 9 4 1 9 

At CYCLE 124 TIME - C . 0 0 C 5 9 7 OELT =C.CCC003 DISTRT = 1 .98 WMAX = 0 . 0 5 7 2 6 AT ZONF 7 7 
PCWER = 0 . 3 9 9 D 13 ENERGY = 0 . 3 4 8 0 10 XK = 0 . 9 9 7 7 9 4 5 XKDOPL = - 0 . 0 0 0 6 9 9 0 XKDISP = - 0 . 0 0 5 0 5 7 2 

AT CYCLE 125 TIME =C.00C599 DELT - C . C 0 0 0 0 3 DISTRT = 1 .98 W»AX = 0 . 0 5 6 5 3 AT ZONF 7 7 
PCWER = 0^3^870 13 ENERGY = 0 . 3 4 9 0 10 XK = 0 . 9 9 7 6 7 6 1 XKDOPL = - 0 . 0 0 0 9 0 1 5 XKOISP = - n . 0 0 5 l 7 J 9 

AT CYCLE 126 TIME =C.Q0C6C2 DELT =C.CC00C3 DISTRT = 1 .96 WMAX = 0 . 0 7 1 3 8 AT ZONF 7 73 
PCWER = 0 . 3 7 6 0 13 ENERGY = 0 . 3 5 0 0 10 XK = _ 0 .9975564^ XKDOPL = - 0 . 0 0 0 9 0 3 9 XKOISP = - 0 . 0 0 5 7 9 1 9 

AT CYCLE 177 TIME =C.0006C4 DELT =C.C00003 DISTRT = 1 .98 WMAX = 0 . 1 1 2 3 7 AT ZONF 7 73 
^CWER = 0 . 3 6 4 D 13 ENERGY = 0 .351D 10 XK = 0 . 9 9 7 4 3 6 5 XKDOPL = - 0 . 0 0 0 9 0 4 7 XKOISP = - 0 . 0 0 5 4 1 1 8 

HALVE CELIA T WMAX = 0 . 1 1 2 3 1 DELT NOW = 0 . 0 0 0 0 0 1 
AT CYCLE 129 TIME = 0 . 0 0 0 6 0 6 OELT = 0 . 0 0 0 0 0 1 DISTRT = 1 .99 WMAX = 0 . 0 5 5 7 1 AT ZONE 7 

P C E R = C.359D 13 ENERGY = 0 . 3 5 1 C 10 XK = 0 . 9 9 7 3 7 5 3 XKOOPL = - 0 . 0 0 0 9 0 6 0 

4T C'Y'CLE 129 TIME = 0 . 0 0 0 6 0 7 OELT = 0 . 0 0 0 0 0 1 DISTRT = 1 .98 WMAX = 0 . 0 5 4 9 9 AT 70NF 7 
PCWER = 0 . 3 5 3 0 13 ENERGY = 0 . 3 5 2 0 10 XK = 0 . 9 9 7 3 1 3 5 XKDOPL = - 0 . 0 0 0 9 0 7 6 

' " A T T Y ' C L ' E 130 TIME = 0 . 0 0 0 6 0 6 OELT = C . 0 0 0 0 0 L DISTRT i ' 1 .96 "WMAX = 0 . 0 5 4 2 3 AT'ZONF 7 
PCkER = C . 3 4 8 0 13 ENERGY = 0 . 3 5 7 D 10 XK = 0 . 9 9 7 2 5 2 0 XKOOPL = - 0 . 0 0 0 9 0 8 5 

T T ^ T V C L I 131 TIME = C . 0 0 0 6 0 9 DELT =C .OO0COr OlSTRT ' = " 1 . 9 8 WMAJf = 0 . 0 5 3 2 2 AT ZONF 7 
POWER = 0 . 3 4 2 0 13 ENERGY = 0 . 3 5 2 0 10 XK = 0 . 9 9 7 1 9 0 0 XKDOPL • - 0 . 0 0 0 9 0 9 6 

AT CYCLE 132 TIME = C . 0 0 0 6 1 1 OELT =C.CC00C1 DISTRT = 1 .96 WMAX = 0 . 0 5 2 6 1 AT ZONE 7 
POfcER = C.337D 13 ENERGY = 0 . 3 5 3 0 10 XK = 0 . 9 9 7 1 2 7 7 XKDOPL = - 0 . 0 0 0 9 1 0 7 

AT CYCLE 133 TIME "0.OOC612 DELT =C.C000C1 OlSTRT = 1 .98 WMAX = 0 . 0 5 2 0 1 AT ZONF 7 
PCnER = 0 . 3 3 1 0 13 ENERGY = 0 . 3 5 3 C 10 XK = 0 . 9 9 7 0 6 5 1 XKDOPL = - 0 . 0 0 0 9 1 1 7 

AT CYCLE 134 TIME = 0 . 0 0 0 6 1 3 DELT = C . C 0 0 0 0 1 DISTRT = 1 .98 WMAX = 0 . 0 5 1 4 0 AT ZONE 7 
POWER = C . 3 2 6 0 13 ENERGY = 0 . 3 5 4 0 10 XK = 0 . 9 9 7 0 0 7 2 XKDOPL = - 0 . 0 0 0 9 1 7 R 

AT CYCLE 135 TIME =C.00C614 DELT = 0 . 0 0 0 0 0 1 DISTRT = 1 .98 WMAX = 0 . 0 5 0 7 9 AT ZONE 7 
POWER = 0 . 3 2 1 0 13 ENERGY = 0 . 3 5 4 0 10 XK = 0 . 9 9 6 9 3 9 0 XKDOPL = - 0 . 0 0 0 9 1 3 8 
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I'' 

Fig. C.l. Energy Release vs Time Fig. C.2. Effective Neutron MultipUcation vs Time 

Fig. C.3. Reactivity Feedbacia due to Doppler 
and Material Motion vs Time 



no 

k: 

Fig. C.4 

Three-dimensional Pictorial Pressure 
Distribution at t - 0 sec 

ALPHA = 0°, X, 

BETA- 30° 

GAMMA = 60", Z „ i „ = 0 , Z „ „ = 6xl0*. 

Fig. C.5 

Distant-deformed Mesh Configuration 
at t = 0.608 msec ^|||[[||j=^ = 
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